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The establishment of coordinated tissues 
and organs during biogenesis is one of 
the most fundamental biological pro-
cesses, and stem cell heterogenesis plays 
a crucial role in it.[1] As an important 
functional organ that supports the major 
structures of embryos, the axial skeleton 
is derived from stem cells located in the 
paraxial/perisomatic mesoderm.[2] Fur-
thermore, these cells can also differentiate 
into other lineages, including adipocytes, 
dermal cells, and skeletal muscle cells.[3] 
Understanding the mechanisms of the 
heterogenic development of stem cell fate 
is critical for generating each of these vital 
structures and elucidating the etiology of 
congenital diseases.[4]

Multipotent stem cells in embryos are 
surrounded by the extracellular matrix 
(ECM), which provides cells with struc-
tural support and environmental cues that 
influence biological processes. Chirality is 
one of the earliest heterogenic characteris-
tics of the embryonic ECM.[5] Increasing 

Biogenesis and tissue development are based on the heterogenesis of 
multipotent stem cells. However, the underlying mechanisms of stem cell 
fate specification are unclear. Chirality is one of the most crucial factors 
that affects stem cell development and is implicated in asymmetrical cell 
morphology formation; however, its function in heterogeneous cell fate 
determination remains elusive. In this study, it is reported that the chirality 
of a constructed 3D extracellular matrix (ECM) differentiates mesenchymal 
stem cells to diverse lineages of osteogenic and adipogenic cells by pro-
viding primary heterogeneity. Molecular analysis shows that left-handed 
chirality of the ECM enhances the clustering of the mechanosensor Itgα5, 
while right-handed chirality decreases this effect. These differential adhesion 
patterns further activate distinct mechanotransduction events involving the 
contractile state, focal adhesion kinase/extracellular signal-regulated kinase 
1/2 cascades, and yes-associated protein/runt-related transcription factor 
2 nuclear translocation, which direct heterogeneous differentiation. Moreover, 
theoretical modeling demonstrates that diverse chirality mechanosensing is 
initiated by biphasic modes of fibronectin tethering. The findings of chirality-
dependent lineage specification of stem cells provide potential strategies for 
the biogenesis of organisms and regenerative therapies.
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evidence has revealed that the molecular chirality modified 
on a 2D matrix could be converted to a cellular and multicel-
lular asymmetrical structure or motion that finally leads to 
the disruption of cell morphology symmetry in the plane of 
the body.[6] However, these conventional 2D materials could 
not accurately mimic the biophysical environment of natural 
3D ECM. Generally, these matrixes comprise self-assembled 
chiral-ordered nanofibrous collagen, fibrin, and vitronectin.[7] 
These unique chiral nanostructures are capable of encoding 
sophisticated physiological cell–environment communication  
by providing high functional group densities and more con-
tact points.[8] However, the mechanism by which biologically 
authentic 3D chirality manipulates the heterogenic specifica-
tion of stem cell fate remains unclear, and this mechanism is 
challenging to determine. It has been reported that a lack of 
biomimetic environmental support could compromise the 
capability of artificial embryos to properly develop into viable 
organisms.[9] Therefore, the development of an ECM with chi-
rality would benefit stem cell research. Fundamental insights 
into the chiral-ordered lineage specification of stem cells might 
provide the basis for understanding biogenesis and the regen-
eration of desirable artificial organs in the future.

In this study, we report a potential heterogenesis strategy 
using 3D ECM-mimetic chirality to control stem cell lineage 
diversification in vitro and in vivo. We demonstrated that 
chirality provided primary heterogeneity to initiate biphasic 
fibronectin tethering, which induced significant alterations in 
mechanosensing and mechanotransduction to specify stem cell 
lineages. This study defines a central regulatory role of chiral 
cues in modulating stem cell fate with potential translational 
applications.

To accurately mimic the biophysical environment of natural 
ECM, amino acids have been considered preferential building 
blocks because they are fundamental physiological materials, 
and their chirality determines the higher-order conformations 
of proteins. Therefore, we used two enantiomers of 4-benzen-
edicarboxamide phenylalanine derivatives (l-ph and d-ph) to 
fabricate cell-supporting chiral matrixes by a self-assembly 
strategy (Figure 1a). The chirality of the matrixes was char-
acterized by circular dichroism (CD) and scanning electron 
microscopy (SEM). The l-ph and d-ph enantiomers showed CD 
signals that were equal in intensity and opposite in chirality 
(Figure S1a, Supporting Information). The representative CD 
bands of the amide carbonyl groups and the phenyl group in 
1,4-benzenedicarboxamide exhibited λmax values of 218 and 
237 nm, respectively. Compared to the enantiomers, the left-
handed (LH) and right-handed (DH) matrixes showed a perfect 
mirror–image relationship, with an increased CD signal inten-
sity and spectral peaks shifted to 226 and 268 nm (Figure S1b, 
Supporting Information). The racemic (RH) matrix, fabricated 
by mixing l-ph and d-ph at a molar ratio of 1:1, did not dis-
play CD signals. The CD spectra of the LH and DH matrixes 
(Figure S1c, Supporting Information) during the transforma-
tion from gels to solutions displayed a decrease in the signal 
intensity and reached equilibrium after self-assembly of the 
enantiomer monomers at 1 h (Figure S1d, Supporting Informa-
tion). These data indicate that the chirality of the matrixes can 
be attributed to the self-assembled fibrous aggregates and not 
to the individual monomers.[10]

The SEM morphology demonstrated that the LH and 
DH matrixes were constructed of opposite chiral nanofibers 
while the RH matrix contained nanofibers without chirality 
(Figure 1b). These three matrixes presented different chiral 
nanostructures but almost the same chemical and physical 
properties, including the diameter (56 ± 13 nm), helical pitch 
of the nanofibers (510 ± 40 nm), pore size (135 ± 28 µm), and 
stiffness (storage modulus G′ ≈ 7.5 × 103 Pa and loss modulus 
G″ ≈ 3.3 × 103 Pa) (Figure S1e, Supporting Information). In par-
ticular, the helical structure and arrangement of the nanofibers 
could mimic those of collagen in natural ECM. Therefore, 
these matrixes allow us to assess the effect of ECM-mimetic 
chirality on stem cell fate specification in a 3D physiological 
microenvironment independent of other matrix properties 
(Figure 1c), which have been linked to cell fate in previous 
studies.

The diverse differentiation of multipotent stem cells reca-
pitulates the heterogenesis process and represents a valuable 
platform for studying the mechanisms of cell fate diversifica-
tion. A live/dead assay (Figure S2a, Supporting Information), 
a cell counting kit-8 (CCK-8) assay (Figure S2b, Supporting 
Information), and a CyQUANT assay showed that LH, DH, 
and RH matrixes had similar biocompatibility to encapsulated 
mesenchymal stem cells (MSCs). The cell phenotype was ana-
lyzed by immunofluorescence chemistry. After incubation for 
7 days, runt-related transcription factor 2 (RUNX2) expres-
sion was significantly increased in the cells cultured in the LH 
matrix, while peroxisome proliferator-activated receptor gamma 
(PPARG) was increased in cells in the DH matrix (Figure 2a). 
In the RH matrix, staining for RUNX2 and PPARG was mixed 
and concomitantly observed. The diversity of MSCs lineage 
specificity was corroborated by an increase in alkaline phos-
phatase (ALP) production in the LH matrix and an increase in 
oil red O staining in the DH matrix after 14 days of incuba-
tion (Figure 2b). These population differentiation trends were 
confirmed by counting cells stained for osteogenic (ALP) or adi-
pogenic (lipid) markers and dividing these values by the total 
number of nuclei (Figure 2c). Osteogenesis was remarkably 
enhanced in the LH matrix (68.2 ± 12.4%), while adipogenesis 
was significantly enhanced in the DH matrix (46.3 ± 5.8%). 
These differentiation percentages were comparable to those 
obtained by chemical induction with osteogenic/adipogenic 
media.[11] In addition, reverse transcription polymerase 
chain reaction (qRT-PCR) (Figure 2d) and Western blotting 
(Figure 2e) analyses showed that the gene and protein expres-
sion of RUNX2, osteocalcin (OCN), and osteopontin (OPN) 
were increased in the LH matrix, and the gene and protein 
expression of PPARG and adiponectin (ADN) were obviously 
upregulated in the DH matrix (Figure 2d).

To gain deeper insight, we performed a global micro-
array gene analysis. Hierarchical clustering analysis showed 
that a panel of osteogenic transcripts was upregulated in the 
LH matrix compared with DH and RH matrixes (Figure 2f; 
Figure S3a, Supporting Information). In contrast, various adipo-
genic transcripts were upregulated in the DH matrix compared 
with the LH and RH matrixes (Figure 2f; Figure S3b, Sup-
porting Information). The in-depth pathway analysis demon-
strated that Wnt and transforming growth factor beta (TGF-β) 
signaling pathways (Figure S3c,d, Supporting Information) 
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Figure 1. Fabrication of biologically accurate 3D matrixes with tunable chirality. a) A schematic representation of chiral matrix fabrication by the 
self-assembly of two enantiomers of left-handed 4-benzenedicarboxamide phenylalanine (l-ph) and right-handed 4-benzenedicarboxamide phe-
nylalanine (d-ph) derivatives. b) SEM images of left-handed (LH), right-handed (DH), and racemic (RH) chiral matrixes after freeze-drying. Scale 
bars: 200 nm. c) A schematic representation of chirality-dependent matrix stem cell fate specification. ECM-mimetic chirality could provide primary 
heterogeneity to induce biphasic adhesive ligand tethering, which triggers diverse mechanoresponses to distinctly specify MSC osteogenic and 
adipogenic lineages.
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were activated in the LH matrix, while PPAR and adipocytokine 
signaling pathways were activated triggered in the DH matrix 
(Figure S3e,f, Supporting Information).

Our data on protein secretion, gene expression, and tran-
script patterns indicated that the osteogenic commitment 
of MSCs was promoted in the LH matrix, adipogenesis was 
favored in the DH matrix, and heterogeneous lineage commit-
ment was observed in the RH matrix. The 3D matrix-mediated 
MSC lineages were diversified in a moderate microenviron-
ment similar to those in the muscle niche, which is commonly 
considered to favor myogenesis.[12] Matrix stiffness has been 
shown to guide cell fate determination, and a low stiffness is 
commonly considered to favor adipogenesis.[13] Therefore, our 
results identified matrix chirality as a new key regulator of 
stem cell differentiation and determined it to be as important 
as bulk stiffness. These 3D ECM-mimetic chirality-mediated 
diverse lineage preferences are distinct from those previously 
reported for MSCs cultured on 2D chiral substrates, in which 
Ding and co-workers found that LH chiral molecules favored 

adipogenesis and DH chiral molecules favored osteogenesis.[14] 
This difference might be due to the differences between a 2D 
chiral substrate and a 3D chiral matrix microenvironment, as 
well as the use of different metrics in their work.

After determining that chiral matrixes can affect MSC lin-
eage commitment specificity in vitro, we next investigated 
whether combinations of MSCs and chiral matrixes could 
enhance tissue regeneration in vivo. MSCs in chiral matrixes 
were injected into freshly formed rat cranial defects covered 
with nonabsorbable membrane barriers.[13] MSCs in saline 
were used as a control. We determined that new bone formed 
in a chirality-dependent manner. As shown in the microcom-
puted tomography (µCT) scans (Figure 3a; Figure S4a, Sup-
porting Information), the MSC/LH matrix group showed the 
greatest amount of new bone formation at all-time points. 
After 4 weeks, the newly formed bone in the MSC/LH matrix 
group was distinct, with many regions of bone isolated from 
host bone tissues, indicating the abundance of multiple centers 
of new bone formation within the defect area. Fewer isolated 
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Figure 2. Chirality affects lineage diversification of mesenchymal stem cells (MSCs) in vitro. a) Immunofluorescence staining showing chirality-dependent 
diverse expression of RUNX2 and PPARG expression. b,c) ALP and lipid droplet staining (b) and the differentiation percentages (c), indicating that the LH 
matrix obviously enhanced osteogenic lineage commitment, the DH matrix significantly promoted adipogenic lineage commitment, and the RH matrix 
had no specific effect on cell fate. *p < 0.05, t-test. d,e) RT-qPCR quantification (d) and Western blotting analysis (e) revealing the greatest upregula-
tion of osteogenic markers (RUNX2, OPN, and bone morphogenetic protein-2 (BMP2)) in the LH matrix and the greatest upregulation of adipogenic 
markers (PPARG and ADN) in the DH matrix. *p < 0.05 versus corresponding RH group, †p < 0.05 versus corresponding DH group, one-way analysis of  
variance (ANOVA) analysis. f) Hierarchical clustering demonstrating that various osteogenic transcripts were upregulated in the LH matrix, while 
various adipogenic transcripts were upregulated in the DH matrix. Error bars represent standard error of the mean. Scale bars: 30 and 10 µm (insets).
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regions of bone formed after the delivery of MSCs in DH and 
RH matrixes. In the control group, new bone tissue formed 
only in the marginal areas of the original bone defect. After  
12 weeks, full bone defect repair was observed only in the MSC/
LH matrix group. Quantitative analysis (Figure 3b,c) revealed 
the highest bone volume and bone mineral density (BMD) 

values in the MSC/LH matrix group (p < 0.01). The MSC/DH 
and MSC/RH matrix groups showed comparable bone volume 
and BMD values, while the control group showed the least 
bone regeneration.

Histological analysis (Figure S4b,c, Supporting Information) 
with Goldner’s trichrome staining revealed that in the MSC/LH 

Adv. Mater. 2019, 31, 1900582

Figure 3. Chirality regulates MSC-mediated tissue regeneration in vivo. a) Representative µCT images of bone regeneration in rat cranial defects 
at 2, 4, 8, and 12 weeks after MSC/matrix implantation, showing the most abundant new bone formation in the MSC/LH group. Scale bars: 5 mm. 
b,c) Quantitative analysis of the total volume (b) and bone mineral density (BMD) (c) of newly formed bone tissue. *p < 0.05 versus corresponding RH 
group, †p < 0.05 versus corresponding control group, one-way AVONA analysis. d) The tracking of MSC-mediated adipogenesis in the subepidermal 
area of rat axillae 1 week after MSC/matrix implantation, showing that MSCs/DH promoted significantly more PPARG protein expression to facilitate 
adipogenesis than MSCs/RH and MSCs/LH. Error bars represent standard error of the mean. Scale bars: 0.2 mm.
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matrix group, a classical trabecular bone structure with an 
abundance of osteoblasts was present in the bone defect area 
at 4 weeks, and a mature bone laminate embedded within the 
bone lacuna was observed after 12 weeks. In the MSC/DH and 
MSC/RH matrix groups, in addition to less new bone forma-
tion, bone maturation was slower than that observed in the 
MSC/LH matrix group. These findings showed that the LH 
microenvironment enhances bone tissue regeneration.

To examine the capability of the chiral matrix to enhance 
adipogenesis in vivo, green fluorescent protein (GFP)-tagged 
MSCs in matrixes were injected into the subepidermal area of 
rat axillae, which is considered a model of adipose tissue for-
mation.[15] After 1 week, we found that a significantly higher 
fluorescence intensity of PPARG staining was exhibited in the 
area of MSC/DH matrix transplantation than in the MSC/RH 
group (Figure 3c). The least amount of PPARG staining within 
the implant region was observed in the MSCs/LH group. These 
results showed that the DH matrix displayed a greater ability to 
support adipogenesis than the RH and LH matrixes. Moreover, 
immunohistochemistry identified considerable GFP staining 
within the implant region in all groups, which demonstrated 
that diverse adipogenesis is mediated by MSCs. These results 
demonstrate that the LH chiral microenvironment favors osteo-
genesis and the DH chiral microenvironment favors adipogen-
esis in vivo.

Having established that the 3D chiral microenvironment 
plays a critical role in regulating MSC fate commitment and 
tissue regeneration, we investigated how the chiral microen-
vironment niche affects MSCs. The exact sequence of events 
and molecular mechanisms leading to chirality-mediated cell 
fate diversification remains to be elucidated. In this study, 
we showed a potential role for Itgα5 in matrix chirality-medi-
ated mechanosensing and heterogenic cell fate commitment. 
Mounting evidence has defined integrin-mediated adhesion as 
a central regulator that directly interacts with environmental 
cues to elicit downstream mechanotransduction events to 
modulate cellular mechanobiology.[16] In fact, the functional 
role of Itgα5 in the interpretation of 3D matrix properties has 
been recently characterized, and Itgα5 binding was identified 
to be required for osteogenic lineage commitment of stem cells 
in 3D culture.[17] In our study, significantly different clustering 
(Figure 4a; Figure S5a, Supporting Information) and protein 
production (Figure 4b) of Itgα5 were found in various chiral 
matrixes. The enhanced clustering of Itgα5 was correlated with 
the promoted expression of osteogenic phenotypic markers 
and suppressed expression of adipogenic phenotypic markers 
(Figure 4h). Downregulation of Itgα5 using specific agents 
blunted osteogenic differentiation and induced adipogenic dif-
ferentiation (Figure 4e). These results suggested that matrix 
chirality and Itgα5 clustering act in concert to regulate cell fate.

Then, we investigated the potential mechanisms by which 
Itgα5 regulates MSC lineage diversification. We showed 
that a series of mechanotransduction signals were necessary 
for Itgα5-induced MSC lineage diversification. Vinculin, an 
adaptor connecting the intracellular domain of integrin with 
components of the cytoskeleton,[18] has often been used as 
a marker to examine the extent of cellular mechanosensing 
of the ECM. We found that vinculin staining was obviously 
increased in the areas of the focal adhesion complexes of 

MSCs cultured in LH matrixes compared to those cultured in 
DH and RH matrixes (Figure S5b, Supporting Information). 
The cytoskeleton is physically coupled with the focal adhesion 
complex and nucleus and is considered to play pivotal roles in 
mechanical signal transduction.[13,19] By analyzing representa-
tive cellular morphology images, we found that MSCs cultured 
in LH matrixes had a large number of extended cortical protru-
sions into the surrounding microenvironment after 24 h of cul-
ture (Figure 4c), while MSCs in DH and RH matrixes appeared 
completely spherical with few protrusions (Figure 4c).The 
highly branched cellular morphology of MSCs cultured in LH 
matrixes favored osteogenic differentiation, while the spherical 
MSC morphology favored adipogenesis.[11,12a] The treatment 
of cells with cytochalasin D (to inhibit cytoskeletal organiza-
tion) showed the importance of cytoskeleton organization for 
increased contractile states (Figure S6a,b, Supporting Infor-
mation) and osteogenesis, and cytoskeletal inhibition caused 
decreased contractile states and adipogenesis (Figure S7a,b, 
Supporting Information). This result is consistent with pre-
vious studies that indicated the critical role of cytoskeletal 
organization in stem cell lineage specification.[20] These con-
tractile states are known to activate focal adhesion kinase (FAK) 
and extracellular signal-regulated kinase (ERK) 1/2 signaling 
(Figure 4b,h), which could further activate SMAD and induce 
the phosphorylation of RUNX2 to modulate cell fate commit-
ment.[17] In addition to biochemical molecules, the stretching 
of organized cytoskeletal fibers can also enlarge nuclear 
pores to facilitate the nuclear transfer of yes-associated pro-
tein (YAP).[21] After being translocated into the nucleus, YAP 
acts as a transcription factor regulating subsequent cascades 
to target gene transcription, triggering cell differentiation.[22] 
In our study, the extent of YAP/RUNX2 nuclear translocation 
was correlated with MSC lineage diversification by gain-of-
function (Figure 4d; Figure S8a, Supporting Information) and 
downregulation studies (Figure S8b, Supporting Information). 
Moreover, inhibiting Itgα5 resulted in the overall suppression 
of these associated mechanotransduction events (Figure 4f–h). 
Therefore, we propose that the 3D ECM-mimetic chiral micro-
environment affects MSC lineage diversification through Itgα5-
initiated mechanosensing and downstream mechanotransduc-
tion events, which involve the contractile state, FAK/ERK cas-
cades, and YAP/RUNX2 nuclear translocation (Figure 4i).

But how the above molecular mechanisms were launched 
in the very first step of cell interpreting matrix chirality? The 
cell–matrix interactions do not occur directly but through 
ligand-integrin receptor binding.[17,23] As Itgα5 recognition is 
typically mediated by the RGD sequence of fibronectin (FN), we 
further characterized the affinity of matrix chirality to FN. The 
absorption assay showed significantly increased immunofluo-
rescence staining of FN in the LH matrix, which indicated that 
the LH matrix facilitated an increased amount of ligand adsorp-
tion than the DH and RH matrixes (Figure S9a,b, Supporting 
Information). Increased FN absorption provides an increased 
amount of RGD sites to facilitate Itgα5 binding and enhance 
focal adhesion formation, which affects downstream mecha-
noresponses and ultimately affects cell fate commitment.[17] 
Therefore, our results reveal that the ECM-mimetic chirality 
could induce diversity in adhesive ligand density, which pave 
the way to initialize different cellular behavior.

Adv. Mater. 2019, 31, 1900582
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But, is the role of ligand density a part of the mechanism or 
just the mechanism itself? To gain more insight into the ini-
tial enantioselectivity between chiral molecules and adhesive 
ligands, classical molecular dynamic (MD) simulations were 
performed.[24] Pioneering studies have showed that FnIII9-10 
act as the key cell-binding domains of Fn.[25] The snapshots 
showed that l-ph could recognize FnIII9-10 and reach an 
equilibrium stage within 500 ps, while d-ph could not reach 
a stable binding site on FnIII9-10 until 1000 ps (Figure 5a; 
Movies S1 and S2, Supporting Information),[26] indicating 
that l-ph had a greater stereoaffinity for FnIII9-10 than that of 
d-ph. The representative 3D and 2D structures of the adhesive 
domain complex (Figure 5b) indicate that greater coordina-
tion is achieved between l-ph and FnIII9-10 than between d-ph 
and FNIII9-10. This is presumably a result of the interactions 

of greater numbers of residue domains on l-ph than on d-ph 
(13 domains on l-ph vs 11 domains on d-ph). The quantitative 
analysis (Figure S9c,d, Supporting Information) further dem-
onstrated the narrower distribution of the binding pair distance 
in the l-ph-FnIII9-10 complex (1.6 ± 0.8 nm) than in the d-ph-
FnIII9-10 complex (2.1 ± 0.9 nm). This high stereoaffinity of 
l-ph for FnIII9-10 was also supported by the lower total inter-
action energy, van der Waals interaction energy and H-bond 
interaction energy of the l-ph-FnIII9-10 complex (Figure 5c). 
Overall, the classical MD simulations revealed that faster rec-
ognition, increased stereoaffinity, enhanced coordination, 
and lower binding energy were achieved between l-ph and 
FnIII9-10 than between d-ph and FnIII9-10. According to the 
ECM tethering theory, these alterations in anchoring points 
and adhesive distance may induce local stiffness modifications, 

Adv. Mater. 2019, 31, 1900582

Figure 4. Chirality-dependent activation of the mechanosensor Itgα5-induced diverse downstream mechanotransduction signaling to direct hetero-
genic differentiation. a) Immunofluorescence analysis showing greater numbers of Itgα5 clusters and larger organized Itgα5 clusters in LH matrixes 
than in DH and RH matrixes after 12 h of coculture. Scale bars: 10 µm. b) Western blotting analysis indicating upregulated levels of mechanosensing 
and mechanotransduction proteins (Itgα5, FN, FAK, ERK, pERK, and YAP) in the LH matrix compared with the DH and RH matrixes. c) Representa-
tive microscopy images of MSCs cultured in matrixes for 24 h, visualized by F-actin-positive pixel reconstruction (phalloidin, reconstruction (RC)). 
Scale bars: 5 µm. d) Immunofluorescence staining of YAP and RUNX2 nuclear translocation. Scale bars: 5 µm. e) The inhibition of Itgα5β1 activity 
decreased osteogenic differentiation but enhanced adipogenic differentiation in all matrixes. f,g) The inhibition of Itgα5β1 significantly decreased the 
volume (f) and enhanced the sphericity (g) of MSCs in the LH matrix but only slightly changed these metrics in the DH and RH matrixes. h) RT-qPCR 
quantification showing significant FAK, ERK, and YAP downregulation after Itgα5β1 inhibition. i) A schematic representation of molecular signaling 
that mediates chiral matrix-induced MSC lineage specificity. *p < 0.05 versus the RH group; †p < 0.05 versus the corresponding group before inhibiting 
Itgα5β1 (three independent experiments).
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which have been shown to guide stem cell fate determination by 
changing the applied stretching forces on cells.[3b] These forces 
could induce conformational changes in adhesive ligands,[27] 

which was supported by the quantitative analysis of RGD 
configuration during matrix chirality sensing. The root-mean-
square deviation (RMSD) (33.9 × 10−3 for l-ph vs 44.0 × 10−3 

Adv. Mater. 2019, 31, 1900582

Figure 5. Fibronectin tethering for mechanosensing showed a biphasic dependence on chirality. a) Snapshots of the molecular dynamic simulations illus-
trating the effect of chirality on FnIII9-10 tethering. b) The binding structure in equilibrium indicated that enhanced coordination was achieved between l-ph 
and FN than that between d-ph and FnIII9-10. c) Computed average interaction energies showing the lower binding energy that is required during recogni-
tion between l-ph and FnIII9-10 than that between d-ph and FnIII9-10. d,e) RSMD (d) and RMSF (e) values of the RGD residues showing higher interdomain 
elasticity and flexibility of the RGD configuration, which facilitates integrin binding, in the l-ph-FnIII9-10 complex than those in the d-ph-FnIII9-10 complex.
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for d-ph, Figure 5d) and root-mean-square fluctuation (RMSF) 
(12.2 × 10−3 for l-ph vs 9.8 × 10−3 for d-ph, Figure 5e) values 
for RGD indicated that the high interdomain elasticity and flex-
ibility of the RGD configuration in the l-ph-FnIII9-10 complex 
could facilitate integrin binding to the initial downstream cell 
response.[28] These data demonstrate that ECM-mimetic 3D chi-
rality could enantioselectivity manipulate ligand tethering pat-
tern in both ligand density and RGD configuration.

To test the modality of the enantioselectivity indicated 
by the MD simulation, we investigated the stability of MSC 
aggregates on chiral matrixes.[29] We observed that cells exhib-
ited the fastest escape from aggregates on the LH matrix and 
formed disconnected cell aggregates (Figure S10a, Supporting 
Information). The quantified the cell spreading kinetics over 
time (Figure S10b, Supporting Information) demonstrated 
enhanced cell spreading on the LH matrix. The cell-spreading 
rate was considered to be dominantly influenced by the adhe-
sive ligand adsorbed to the matrixes. Compared with DH and 
RH matrixes, the LH matrix demonstrated increased adhe-
sive ligand affinity and provided a greater number of integrin 
binding sites, resulting in faster cell motility. Therefore, our 
data indicate that chirality could provide primary heterogeneity 
to induce biphasic adhesive ligand tethering, thus linking the 
subsequent onset of chirality-mediated diverse signaling events 
and lineage specificity.

In conclusion, by simply tuning the matrix chirality, we pre-
cisely controlled stem cell lineage diversification with a high 
efficiency comparable to that of classical chemical induction. 
This strategy depends only on the matrix chirality and avoids 
multiple chemical modifications of the ECM, in which hydro-
gels must be cross-linked by polymerization to achieve certain 
stiffness. Our findings of chirality-dependent lineage speci-
fication of stem cells provide a practical, simple, and efficient 
strategy for directing biogenesis and regeneration.
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