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Modularity-basedmathematical modeling of
ligand inter-nanocluster connectivity for
unraveling reversible stem cell regulation
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The native extracellular matrix is continuously remodeled to form complex
interconnected network structures that reversibly regulate stem cell beha-
viors. Both regulation andunderstandingof its intricate dynamicity canhelp to
modulate numerous cell behaviors. However, neither of these has yet been
achieved due to the lack of designing and modeling such complex structures
with dynamic controllability. Here we report modularity-based mathematical
modeling of extracellular matrix-emulating ligand inter-cluster connectivity
using the graph theory. Increasing anisotropy of magnetic nano-blockers
proportionately disconnects arginine-glycine-aspartic acid ligand-to-ligand
interconnections and decreases the number of ligand inter-cluster edges. This
phenomenon deactivates stem cells, which can be partly activated by linear-
izing the nano-blockers. Remote cyclic elevation of high-anisotropy nano-
blockers flexibly generates nano-gaps under the nano-blockers and augments
the number of ligand inter-cluster edges. Subsequently, integrin-presenting
stem cell infiltration is stimulated, which reversibly intensifies focal adhesion
and mechanotransduction-driven differentiation both in vitro and in vivo.
Designing and systemically modeling extracellular matrix-mimetic geometries
opens avenues for unraveling dynamic cell-material interactions for tissue
regeneration.

Remodeling of the native extracellular matrix (ECM) to reversibly
establish connections therein orchestrates thedynamic function of the
ECM to regulate cell behaviors1. Traumatic injury, such as bone frac-
turing, disconnects a tissue structure, which then requires reconnec-
tion by regulating the mechanotransduction and differentiation of

stem cells2–4. Tendons, which are a type of connective tissue, contain a
fibrillar collagen network that continuously connects and disconnects
the muscle and the bone to regulate its physiological mechanical
function and pathological process5. The connectivity in tissues and
organs plays a crucial role in determining their function where the
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disconnection at specific sites can affect their physiology and
pathology6–9. For example, the disconnection, reconnection, and
extension of blood vessels critically regulate systemic blood flow and
physiology10. The disconnection of periodontal ligament fibers
attached to the root surfaces of teeth signifies periodontitis11. Dis-
connections between the axons12 in the brain tissue can be caused by
traumatic brain injury and diseases, such as Rasmussen syndrome13.
The mapping of network interconnectivity in the brain tissue to
understand the relationship between its structure and pathology has
been attempted, albeit without their active regulation or modeling of
its structure14. These prior findings collectively suggest the intricate
and dynamic nature of ECM interconnectivity, which necessitates the
development and modeling of interconnectivity-regulating materials
to systematically unravel the effect of regulating material inter-
connectivity on stem cell behaviors that can assist tissue
regeneration15–20.

Meanwhile, the graph theory, which can quantify the inter-
connectivity of a network, has recently been highlighted for calculat-
ing the complex nanostructures of materials composed of
interconnected building blocks21 and interconnected networks of
various cell types22,23. The Louvain algorithm is employed in graph
theory to determine the optimal partition of clusters using modularity
by maximizing intra-cluster connectivity while minimizing inter-
cluster connectivity24. The cluster partition with modularity can help
to discern formed clusters within a network and quantify the inter-
cluster connectivity between them as the number of inter-cluster
edges25,26. Therefore, graph theory, such as the Louvain algorithm,
which allows for the mathematical modeling of interconnected net-
works, can be harnessed to realize the systematic analysis of how inter-
cluster connectivity in materials governs cell behaviors.

Materials displaying various ligand configurations have recently
been developed. To this end, different parameters of ligand
configurations, such as varying their density and spacing27,
micropatterning28,29, multivalency30, and clustering31, have been
examined to determine their effects on cell behaviors. In particular, it
has recently been shown that bridging between one-dimensional (1-D)
fiber-like ligands canmodulate cell behaviors32. Furthermore, integrin-
binding ligands, such as arginine-glycine-aspartic acid (RGD) can
mediate cellular filopodia formation, thereby driving focal adhesion
and mechanotransduction that regulates the behaviors of stem cells,
which is beneficial for tissue regeneration33–35. The shape tuning of
molecules30 or patterns28 of protein ligands has been found to mod-
ulate stem cell differentiation. Going further, 1-D shape tuning of stem
cells has recently been reported to trigger mechanotransduction sig-
naling for functional tissue regeneration and organoid formation36.
However, in all of these examples, ligand interconnectivity was not
modulated due to the inability to block neighboring ligand connec-
tions which thus yielded entirely interconnected ligands, thereby
suggesting the necessity for the design of sophisticated materials.

Furthermore, adapting a mathematical model to systemically
analyze dynamic ligand inter-cluster connectivity in terms of # ligand
inter-cluster edges tremendously helps establish realisticmodels since
the native ECM undergoes dynamic remodeling that reversibly con-
nects and disconnects its network structure to regulate cell behaviors1.
Such dynamic modeling necessitates the design of materials that can
be reversibly regulated, preferably via remote stimuli37–39. Compared
with light-based stimuli that entail inevitable absorption by tissues
depending on their wavelength40–44, a magnetic field can readily
penetrate tissues with negligible absorption45–47 and thus be inten-
sively applied for patients without any deleterious effects48,49. How-
ever, none of the recent reports including our and other groups
harnessing remote stimuli such as the light-based control of the
swelling of ligand microgels41 and ligand exposure40,42,50, as well as
magnetic field-based control of 1-D nano-helical ligand stretching51 and
1-D nano-sequenced ligand alignment52 have used mathematical

modeling to analyze the modulation of ligand blocking to regulate
ligand interconnectivity.

Herein, we present mathematical modeling of ECM-emulating
ligand inter-cluster connectivity using the graph theory (Fig. 1). The 1-D
anisotropic-shaped magnetic nano-blockers obstruct the inter-
connection between RGD ligand nodes that are uniformly arranged,
enabling the anisotropy-dependent reduction of the average number
of ligand inter-cluster edges (referred as “# ligand inter-cluster edges”)
without changing the ligand density. High anisotropy of nano-blockers
(“High aniso.”) efficiently obstructs the interconnection between
ligand clusters, which are divided based on the Louvain algorithm, and
thus yields a low # ligand inter-cluster edges, which suppresses stem
cell adhesion and differentiation. In contrast, low anisotropy of nano-
blockers (“Low aniso.”) inefficiently obstructs the interconnection of
ligand clusters that produce high # inter-cluster edges, thereby sti-
mulating focal adhesion and mechanotransduction of stem cells
toward reinforcing their differentiation, both in vitro and in vivo.
Moreover, we demonstrate that # ligand inter-cluster edges can be
remotely manipulated using a magnetic field (Fig. 2). Randomly
arranged high-anisotropy nano-blockers can be magnetically directed
to be linearly ordered that partially enables local interconnections
between the ligand nodes “High aniso. (Lin.)”, consequently enhancing
# ligand inter-cluster edges to some extent. High-anisotropy nano-
blockers grafted to the surface of material via polymer linkers are
originally in the non-elevated state (“NE.”) and can be magnetically
elevated (“E.”) to facilitate the reconnection of the ligand nodes,
thereby allowing cellular filopodia to infiltrate under the elevated
nano-blockers, which significantly escalates # ligand inter-cluster
edges. Strikingly, this transition can be repeatedly modulated to
enable cyclic elevation that reversibly stimulates integrin-presenting
filopodia formation of stem cells along with their focal adhesion and
mechanosensing-mediated differentiation.

Our present study of employing 1-D anisotropic-shapedmagnetic
nano-blockers to regulate # inter-cluster edges of the interconnected
ligands can dynamically regulate cell behaviors. The mathematical
model for interconnectivity-regulating materials in the present study
could be broadly beneficial for mimicking the dynamic and complex
features of ECM interconnectivity, thereby unraveling the regulatory
mechanism of stem cell behaviors for tissue-regenerative therapies.

Results
In situ phase transformation of anisotropic nano-blockers
For reversible tuning of the average number of inter-cluster edges
(referred to as “# inter-cluster edges”) within interconnected ligand
networks, in situ phase transformation was strategically employed to
fabricate magnetically reversible nano-blockers. To this end, akaga-
neite (β-ferric oxyhydroxide) nanorods with various dimensions as the
core of nano-blocker precursors were first prepared by regulating the
concentration of iron(III) chloride via a hydrolysis process with a high
concentration yielding high anisotropy in the akaganeite nanorods.
The nanorods were then encapsulated in silica envelops (anisotropic
nano-blocker precursors) to optimize their projected area to be similar
at varied anisotropies (low, moderate, and high). The low-
magnification transmission electron microscopy (TEM) images ver-
ified the homogeneous shape of the nano-blocker precursors (Sup-
plementary Fig. 1). The high-angle annular dark-field scanning TEM
(HAADF-STEM) images and energy dispersive spectroscopy (EDS)
mapping profiles confirmed the uniform presence of Fe element in the
akaganeite core and Si element in the silica envelop, while O element
was uniformly present in both of them (Supplementary Fig. 1). Crys-
talline atomic structure analysis of the nano-blocker precursors via
high-resolution TEM (HR-TEM) images with respective fast Fourier
transform (FFT) analysis and selected area diffraction (SAD) pattern
imaging confirmed the presence of the akaganeite phase in all their
cores regardless of the varied anisotropy (Supplementary Fig. 2).
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Fig. 1 | Schematic overview of the modeling of interconnected ligand
nanocluster for stem cell behavior regulation. a The liganded GNPs on the
material surface, which act as ligandnodes constituting interconnected ligands, are
homogeneously arranged with equal inter-distances. Due to equal inter-distances,
ligand nodes are connected in a way to form equilateral triangles, resulting in a
ligand network model with the edges. b In the graph theory, the network is parti-
tioned into clusters by the Louvain algorithm based on modularity. Intra-cluster
edges were marked by thin green lines, and inter-cluster edges were marked by
highlighted white lines. The average number of edges between neighboring

clusters is referred to as “# inter-cluster edges”. c The presence of anisotropic
(“aniso.”) nano-blockers between the ligand nodes obstruct ligand-to-ligand inter-
connections, thereby reducing the overall # ligand inter-cluster edges. The lowest
anisotropy group (“Low aniso.”) exhibits the highest # inter-cluster edges, which
promotes the focal adhesion and mechanotransduction of stem cells, and thereby
their differentiation, both in vitro and in vivo. In contrast, the highest anisotropy
group (“High aniso.”) exhibits the lowest # inter-cluster edge, which inhibits the
adhesion and differentiation of stem cells.
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Next, the silica-enveloped nano-blockers were meticulously
developed to modulate their anisotropy only while adjusting their
projected area to be similar and preserving their structure within the
silica envelop during the phase transformation from akaganeite to
magnetite phase via the reduction process. Specifically, the addition of
tetraethyl orthosilicate (TEOS) eight, four, or one time formed a silica
envelope with high, moderate, or low thickness, respectively. Anneal-
ing at 340 °C for 2 h at a heating rate of 0.45 °C/s from 25 °C to 340 °C
mediated the phase transformation in the nano-blocker precursor via a
reduction reaction. The structural examination via in situ TEM, in situ
HR-TEM with respective in situ FFT analysis, and in situ SAD pattern
imaging confirmed the gradual transformation of the akaganeite phase
in the nano-blocker precursor core to themagnetite phase in the nano-
blocker core with structural preservation within the silica envelop

(Fig. 3a, b). In particular, the in situ HR-TEM imaging revealed that the
average d-spacing between the successive lattice planes of 5.4 Å in the
akaganeite phase before the annealing was distinctly transformed to
3.1 Å in the magnetite phase after the annealing at 340 °C for 2 h
(Fig. 3a). Accordingly, distinctive bright spots indicating the (200)
plane of the akaganeite phase before the annealing and (220) plane of
the magnetite phase after the annealing at 340 °C for 2 h were
observed by in situ FFT analysis (Fig. 3a).

The in situ SADpattern intensity analysis and the real-timemovie
of the in situ SAD pattern clearly revealed that the distinctive rings of
the (310) plane in the akaganeite phase gradually disappeared at the
beginning of the annealing at 340 °C, after which distinctive rings of
the (220) plane in the magnetite phase gradually emerged over the
course of the annealing at 340 °C for 2 h (Fig. 3b and Supplementary

Fig. 2 | Remote control of high-anisotropy nano-blockers for reversible tuning
of the average number of ligand inter-cluster edges. Schematic illustrations of
remotely controlling high-anisotropy nano-blockers on the interconnected ligand-
displaying materials, which reversibly modulates the average number of ligand
inter-cluster edges (referred to as “# ligand inter-cluster edges”). a Irreversible
linearization (“Lin.”) of randomly arranged high-anisotropy nano-blockers facil-
itates local interconnection between the ligand clusters by ordering them, which

partly enhances # ligand inter-cluster edges. b The ligand nodes are initially dis-
connectedby the nano-blockers (“NE.”), which are reconnected via cyclic reversible
elevation (“E.”) of anisotropic nano-blockers, thereby escalating # ligand inter-
cluster edges. The optimization ofminimal polymer linker density used to graft the
anisotropic nano-blockers to the material allows the cells to sense the ligands as
reconnected under the anisotropic nano-blockers in the elevated state and infil-
trate through the nano-gap.
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Movie 1). The presence of themagnetite phase was further confirmed
via atomic-scale high-resolution scanning TEM (HR-STEM) image of
the anisotropic nano-blocker core (magnetite) (Supplementary
Fig. 3a). Consistently, X-ray diffraction and vibrating sample mag-
netometry analyses of the anisotropic nano-blockers and their pre-
cursors collectively verified the distinctive crystalline planes of the
magnetite phase in the magnetically reversible nano-blockers, which
were not present in the akaganeite phase of non-magnetic

precursors, further proving their successful phase transformation
(Fig. 3c, d).

Interconnected ligand network with tunable nano-blockers
To develop materials displaying reversibly tunable # ligand inter-
cluster edges, nano-blockers of each anisotropy (high, moderate, or
low)with identical projected areaswere grafted to thematerial surface
at identical density via polymer linkers over the interconnected ligand
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nodes. This construction enabled the decoupling of other parameters,
such as ligand density, when evaluating the effect of only # ligand
inter-cluster edges on stem cell behavior decisions. Morphological
analysis of the nano-blockers exhibiting low (“Low aniso. nano-
blocker”), moderate (“Moder. aniso. nano-blocker”), or high aniso-
tropy (“High aniso. nano-blocker”) revealed their significantly different
anisotropy [major axis (length) divided by its minor axis (width)] as
2.2 ± 0.4, 5.3 ± 0.3, and 10.4 ± 1.0, respectively, but at nearly identical
projected areas of 75.0 ± 2.8 nm2, 77.0 ± 3.1 nm2, and 75.1 ± 4.5 nm2,
respectively (Fig. 4a–c and Supplementary Fig. 3b).

TEM, HAADF-STEM, and EDS analyses of the nano-blockers in
various anisotropies after phase transformation collectively confirmed
the preservation of their rod shape and elements similar to those of
their precursors (Fig. 4a and Supplementary Fig. 3c). Furthermore, the
line profiles of the EDS images verified the individually optimized
dimensions of the core magnetite and silica envelop for each nano-
blocker with varying anisotropies (Fig. 4b). Corresponding to the in
situ examination, the resultant nano-blockers in various anisotropies
all exhibited a magnetite phase-specific crystalline atomic structures
and reversible magnetic properties distinct from the non-magnetic
akaganeite phase in their precursors, thereby further proving their
successful phase transformation regardless of anisotropy (Supple-
mentary Figs. 4 and 5a, b). Each of the low-, moderate-, and high-
anisotropy nano-blockers exhibited significantly different lengths and
widths of 443.8 ± 53.5 nm and 217.1 ± 26.6 nm, 644.0 ± 20.0 nm and
134.8 ± 11.7 nm, and 920.8 ± 61.6 nm and 91.3 ± 15.8 nm, respectively
(Supplementary Fig. 6).

For grafting of the nano-blockers of each anisotropy to the
material surface, the anisotropic nano-blockers were amine-
functionalized and then coupled with long polymer linkers (mole-
cular weight of 10 kDa) via amide bond formation between N-hydroxy-
succinimide (NHS) ester in the polymer linkers and the amine groupon
the nano-blockers (Supplementary Fig. 7). The zeta potential analysis
showed a shift in the surface charge from positive to negative values
after coupling the polymer linkers to the amine-functionalized nano-
blockers in all groups (Supplementary Fig. 8a). The Fourier transform
infrared spectra (FTIR) analysis confirmed the emergence of specific
amide bonds only after coupling the polymer linkers to the amine-
functionalized nano-blockers in all groups consistent with the chem-
istry of our designed materials (Supplementary Fig. 8b).

To fabricate completely interconnected ligand nodes, gold
nanoparticles (GNPs) with a uniform diameter of 20 nm were synthe-
sized, as verified via TEM, HR-TEM, and dynamic light scattering ana-
lysis (Supplementary Fig. 9a). Thiolated material surface was
homogeneously decorated with the GNPs via gold-thiol bonding53 that
exhibited highly organized arrangement of similar inter-distance of
205.7 ± 16.3 nm between the adjacent GNPs as verified by scanning
electron microscopy (SEM) analysis (Supplementary Fig. 9b–d). Such
an inter-distance is comparable to the end-to-end distances of fibro-
nectin molecules (about 150nm) containing RGD ligands in a network
of native fibrils in the ECM54. The GNP-decorated material was subse-
quently coated with thiolated RGD tripeptide ligand (CDD RGD) to

harness the liganded GNPs as the completely interconnected ligand
nodes, followed by grafting of the polymer linker-coupled nano-
blockers of varying anisotropies via maleimide-thiol bonding. Due to
the negative surface charges of both the liganded GNPs (negative
charge of CDD RGD)55 and the linker-coupled nano-blockers (terminal
maleimide group of linkers), electrostatic repulsion occurs thereby
positioning the nano-blockers between the liganded GNPs instead of
their direct interactions (Supplementary Fig. 8a). Each material
exhibited a similar density of liganded GNPs with nearly invariant and
retained inter-distances between adjacent liganded GNPs even after
the grafting of nano-blockers on the material surface and a similar
density of homogeneously grafted nano-blockers in all groups, thus
confirming nearly identical ligand density regardless of the anisotropy
of the nano-blockers (Fig. 4d, e and Supplementary Figs. 7 and 9c, d).
The residual thiolated surface not decorated with the ligand nodes or
anisotropic nano-blockers was inactivated by graftingmethoxy group-
presenting molecules.

Ligand inter-cluster connectivity affects stem cell adhesion
Next, graph theory-based mathematical modeling of interconnected
ligand clusters was performed25,26. In detail, the liganded GNPs are
considered the ligand nodes that constitute interconnected ligands
under the nano-blockers that block the ligand-to-ligand edges. To
establish the ligand-to-ligand edges between the configured ligand
nodes, Delaunay triangulation was employed due to its capability of
forming geometrically consistent connections between neighboring
ligand nodes (Fig. 1a). This approach ensures that the resulting edges
realistically represent the spatial relationship between ligand nodes by
maximizing the minimum angle of triangles, thereby promoting uni-
formity in triangle formation to closely resemble equilateral triangles
even in cases where the spacing of gold nanoparticles is not perfectly
uniform56,57. In this configuration, each group of interconnected ligand
nodes was distinguished as a ligand nanocluster by the Louvain algo-
rithm using Python, and the number of edges between neighboring
ligand nanoclusters was quantified (Figs. 1b and 5). The number of
connected edges between ligand clusters was counted in the SEM
images for the nano-blockers of each anisotropy that differentially
obstruct connected edges, thereby yielding different average number
of inter-cluster edges of the ligand cluster pairs as # ligand inter-
cluster edges.

To be specific, the nano-blockers with a higher anisotropy
obstructed the interconnected edges between ligand clusters more
than themoderate and low anisotropy ones due to their longer length.
Hence, # ligand inter-cluster edges escalated with the reduction of
nano-blocker anisotropy (Fig. 1b and Fig. 4d, e). Furthermore, linear-
ization of the high-anisotropy nano-blockers by applying a uniform
magnetic field “High aniso. (Lin.)” resulted in more locally unob-
structed ligand cluster connections by reducing the average inter-
angle between the nano-blockers that induces edge disconnection
predominantly in one direction. Consequently, inter-cluster connec-
tions are retained in multiple directions compared to when the
nano-blockers are randomly arranged, thereby escalating # ligand

Fig. 3 | In situ phase transformation enables the formation of reversibly con-
trollable anisotropic nano-blockers. a Schematic illustration of the annealing
conditions for the in situ phase transformation in the anisotropic nano-blocker
precursor to the anisotropic nano-blocker, along with corresponding in situ
transmission electron microscopy (TEM), in situ high-resolution TEM (HR-TEM),
in situ FFT, in situ selected area electron diffraction (SAD) pattern images, and
b in situ SADpattern intensity analysis. cX-ray diffraction (XRD) analysis exhibiting
the distinctive crystalline planes and d vibrating sample magnetometry (VSM)
analysis showing the hysteresis loops of the anisotropic nano-blockers and their
precursors after normalization to their respective dry weights. The average
d-spacing between the successive lattice planes of the akaganeite phase (5.4 Å) and
magnetite phase (3.1 Å) are labeled in the HR-TEM, distinctive bright spots of the

akaganeitephase [(200) plane] and themagnetite phase [(220) plane] are labeled in
the fast Fourier transform (FFT); distinctive rings corresponding to each akaganeite
phase [(103), (211), (310), and (411)] and magnetite phase [(220), (311), (511), and
(440)] are labeled in the SAD pattern images. In in situ SAD pattern images in (a),
red dotted lines were drawn to emphasize the disappearance of (310) and (411)
planes of the akaganeite phase after annealing. In in situ SADpattern analysis in (b),
rectangular light red boxes were drawn to emphasize the gradual disappearance of
(310) and (411) planes of the akaganeite phase after annealing. Distinctive planes of
the akaganeite phase [(103), (211), (310), (411), and (521)] and magnetite phase
[(220), (311), and (400)] are labeled in the XRD analysis. Scale bars: 100nm (TEM),
5 nm (HR-TEM), 5 nm-1 (FFT), and 2 nm-1 (SAD). Source data are provided as a Source
Data file.
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inter-cluster edges over the non-linearized group “High aniso.”
(Figs. 2a and 4d, e).

We next examined the effect of tuning only # ligand inter-cluster
edges of interconnected ligand clusters on stem cell regulation via the
anisotropy and linearization of nano-blockers. Due to the relatively
large sizes of human mesenchymal stem cells (hMSCs) (hundreds of
micrometers of scale), we examined their response to tuning # ligand
inter-cluster edges on the microscale. Harnessing materials displaying

tuned # ligand inter-cluster edges [“Low aniso.”, “Moder. aniso.”, “High
aniso.”, and “High aniso. (Lin)”], stem cells were only added at the
beginning of culturing to the material surface of each group, cultured
for 48 h, and then fluorescently immunostained. Analysis of the
adherent stem cells in each group demonstrated pronouncedly
intensified stem cell adhesion with the highest # ligand inter-cluster
edges group (“Low aniso.”) that exhibited enhanced integrin β1
expression and the highest number of 4′,6-diamidino-2-phenylindole
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Fig. 4 | Reducing the anisotropy or linearizing the nano-blockers indepen-
dently escalates # ligand inter-cluster edges. a High-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM) images with elemental
energy dispersive spectroscopy (EDS)mapping (Fe from themagnetite phase in the
nano-blocker core, andSi from the silica envelop) imagesmarkedwithwhite dotted
lines at the midsection for b the elemental EDS line profiling of the anisotropic
nano-blockers (“Low aniso. nano-blocker”, “Moder. aniso. nano-blocker”, and “High
aniso. nano-blocker”). c Computation of the projected area of the nano-blocker
(103 nm2) (n = 10). d Scanning electron microscopy (SEM) images of the materials
displaying tuned # ligand inter-cluster edges depending on the anisotropy or
arrangement of the nano-blockers [“Lowaniso.”, “Moder. aniso.”, “High aniso.”, and
“High aniso. (Lin.)”] with the representative calculation of # ligand inter-cluster
edges. The edges (green lines) within the ligand network formed by nodes in the

SEM image were determined by Delaunay triangulation in Python. Each cluster was
partitioned using the Louvain algorithm and distinguished by different colors.
e Corresponding computation of the inter-distance of the liganded GNPs (n = 10
edges), the surface density of the anisotropic nano-blockers (n = 10 nano-blockers),
# ligand inter-cluster edges (n = 3 biological replicates; ***p <0.001), and the
average inter-angle between anisotropic nano-blockers (in absolute value) (n = 10
nano-blockers; *p <0.05, **p <0.01). High-anisotropy nano-blockers were linear-
ized on the materials via magnetic annealing during their grafting to the material
surface. Scale bars: 200 nm (HAADF-STEM and SEM). Data are shown as the
means ± standard errors. Statistical analysis was performed using one-way ANOVA
along with the Tukey–Kramer post hoc test. N.S. denotes no statistically significant
difference. Source data are provided as a Source Data file.

Fig. 5 | Schematic of cluster partition method in the network model by max-
imizingmodularitywith theLouvainalgorithm.Modularity helps to quantify the
interconnectivity of clusterswithin a network. Factorsused in suchquantification in
the modularity formula include the total number of edges (m), the presence of an
edge between the two nodes (Aij), the number of edges from each node (ki or kj),

and the cluster coincidence of node pair [δ(Ci, Cj)]. Themodularity is maximized in
the optimal cluster partition where the number of intra-cluster (within the cluster)
edges is maximized while the number of inter-cluster (between the clusters) edges
isminimized. The optimized cluster partitionof a givennetwork canbe foundusing
the Louvain algorithm in Python, where this formula is included.

Article https://doi.org/10.1038/s41467-024-54557-8

Nature Communications |        (2024) 15:10665 8

www.nature.com/naturecommunications


(DAPI)-positive cells as well as the highest focal adhesion number and
the largest actin-positive area in each cell with the lowest cell aspect
ratio compared with the lowest # ligand inter-cluster edges group
(“High aniso.”) (Supplementary Figs. 10a, b and 11a, b). Interestingly,
the adhesion of stem cells that was promoted the least on the “High
aniso.” group exhibiting the lowest # ligand inter-cluster edges with
the non-ordered nano-blockers was partly enhanced via nano-blocker
linearization [“High aniso. (Lin.)”] that escalated # ligand inter-cluster
edges by the ordered nano-blockers (Supplementary Figs. 10a, b
and 11a, b).

Focal adhesion through mechanosensitive proteins, such as pax-
illin, induces tension from stress fibers, which promotes the translo-
cation of mechanotransduction regulator yes-associated protein
(YAP), thereby regulating the differentiation of stem cells58,59. Fur-
thermore, the corresponding trend was revealed in the analysis of
following stem cell mechanotransduction and differentiation by either
culturing for 48 h in growth medium or 72 h in osteogenic differ-
entiationmedium, inwhich the stem cells showed higher translocation
of YAP (mechanotransducer) and RUNX2 (early osteogenic differ-
entiation marker) to the nucleus at a level proportional to # ligand
inter-cluster edges (Supplementary Fig. 12a, b). Taken together, these
results suggest that the escalation in # ligand inter-cluster edges,
whether it was achieved through a reduction in anisotropy or linear-
ization of nano-blockers, proportionately facilitates the adhesion,
mechanosensing, and differentiation of stem cells.

A series of control experiments were conducted to verify whether
such regulation of stem cells is indeed a # ligand inter-cluster edges-
tuning-specific effect. First, stem cell adhesion was only highly sup-
ported when the interconnected GNPs were coated with ligands in the
absence of nano-blockers, thereby proving the necessity of the ligands
for stem cell regulation (Supplementary Fig. 13a, b). It has recently
been reported that the membrane bending energy of cells hinders
their adhesion, including focal adhesion of stem cells, to highly curved
surfaces60–63. In the present study, high-anisotropy nano-blockers of
lower diameter exhibited higher curvature due to the inversely pro-
portional relationship between the curvature and diameter of the
nano-blockers. Thus, the high-anisotropy nano-blockers exhibiting
higher curvature would require cell membranes to bend slightly more
when adhering to the material surface and thus not readily adhere as
opposed to the low-anisotropy nano-blockers exhibiting lower curva-
ture. This effect of curvaturemay have contributed toweaker stem cell
adhesion in the high-anisotropy nano-blockers in addition to the effect
of # ligand inter-cluster edges (Supplementary Figs. 10a, b and 11a, b).
However, tuning the anisotropy (and thus the curvature) of nano-
blockers in the conditions free of the ligand resulted in similar levels of
stem cell adhesion in all groups, thereby indicating that the effect of
membrane curvature alone is not significant (Supplementary
Fig. 14a, b). Meanwhile, the linearization of the low- and moderate-
anisotropy nano-blockers [“Low aniso. (Lin.)” and “Moder. aniso.
(Lin.)”] only slightly promoted stem cell adhesion compared with their
respective randomly oriented states (“Low aniso.” and “Moder. aniso.”)
(Supplementary Fig. 15a, b). Such insignificant cell-regulatory effect of
linearizing nano-blockers in lower-anisotropy groups could be attri-
butable to that they do not effectively obstruct the ligand-to-ligand
interconnections even in their random orientation.

Cyclic nano-blocker elevation regulates stem cell adhesion
Since tuning # ligand inter-cluster edges by linearizing the nano-
blockers of high-anisotropy was proved to be the most efficient
method for stem cell regulation, we used this approach for the
examination of remote and reversible elevation-mediated stem cell
regulation. To this end, a piece of permanent magnet (295mT) was
either employed or non-employed above the materials to mediate the
reversible elevation (E.) or non-elevation (NE.) of the high-anisotropy
nano-blockers, respectively (Fig. 6a). In the linear height profile, the

nano-blocker was found to be surrounded by the liganded GNP nodes
(Supplementary Fig. 16). In the TEM images, the nano-blocker showed
the diameter of approximately 91.3 nm and the GNPs demonstrated
the diameter of approximately 20.0nm, both of which dimensions
were consistent in the atomic force microscopy (AFM) images (Sup-
plementary Figs. 6 and 9a). The computation of peak heights of the
reversibly elevated nano-blockers over two cycles (NE.-E.-NE.-E.-NE.)
using in situ AFM images showed the measured heights of 140.0 ±0.7,
155.3 ± 0.8, 140.5 ± 0.9, 155.5 ± 1.0, and 140.5 ± 0.9 nm, respectively.
Thus, the average peak height of the nano-blocker was 140.3 ± 0.9 nm
in the NE. state, and 155.4 ± 0.9 nm in the E. state (Fig. 6b, c and Sup-
plementary Fig. 16).

Wenext hypothesized thatwhen thenano-blockers are elevated, a
low density of the polymer linkers coupled to the nano-blockerswould
enable cell infiltration to access the ligand nodes through nano-gaps,
which would be blocked in the case with a high density of polymer
linkers. To prove this hypothesis, Ellman’s assay was performed to
compute the concentrationof L-cysteine that reactedwith thepolymer
linker-coupled nano-blockers via thiol-ene bonds when a low or high
density of polymer linkers was used (Fig.6e). A low or high molarity of
reacted L-cysteine signified a low or high density of polymer linkers
coupled to the nano-blockers, respectively (Fig. 6d, e). Indeed, this was
consistent with the low peak of the amide bond observed in the FTIR
analysis signifying the low density of polymer linkers coupled to the
nano-blockers (Supplementary Fig. 8b).

For the verification of such a hypothesis by visualizing integrins
recruited to the interconnected ligands under the tuning of # ligand
inter-cluster edges, immuno-GNP (IGNP) tagging of integrin β1 in stem
cellswas conducted using largerGNPs (40 nm indiameter) so that they
were discernible from the smaller GNPs (20 nm in diameter) employed
as ligand nodes (Supplementary Fig. 17a–d). The IGNP (white) tagging
of integrin of stem cells (green) was employed after 48 h of culturing
on the materials displaying reversibly tunable # ligand inter-cluster
edges.Moreover, its overlaywith EDSmapping verified thepresenceof
the nano-blockers under the cells by identifying the Fe element in the
nano-blocker core (Fig. 6f). Following images of the IGNP-tagged stem
cells confirmed facilitated cell infiltration through thenano-gapsunder
the elevated high-anisotropy nano-blockers when using a low linker
density (used in the present study) as compared with hindered cell
infiltration under them when using a high linker density (Fig. 6g). This
observation clearly indicates that the optimized low linker density
enabled cells to sense the ligand nodes as interconnected under the
elevated nano-blockers, thereby escalating the overall # ligand inter-
cluster edges (Fig. 2b). Moreover, a higher number of integrin-tagged
IGNPs, signifying facilitated integrin recruitment, was found around
the ligand nodes with escalating # ligand inter-cluster edges (Fig. 5h).
Compared analysis of the inter-distance of liganded GNPs before and
after cell culturing revealed their constant density, therebyproving the
stability of the ligand nodes on the materials for the application of
mathematical modeling (Figs. 4e and 6h).

However, the elevation of the nano-blockers exhibiting lower
anisotropy [“Low aniso. (E.)” and “Moder. aniso. (E.)”] for the tuning of
# ligand inter-cluster edgeswas not as efficient at intensifying stemcell
adhesion. This could be attributed to them already showing a high #
ligand inter-cluster edges in the non-elevated state, which could not be
further escalated in the elevated state (Supplementary Fig. 18a, b).

Subtraction of the diameter of high-anisotropy nano-blockers
(approximately 91.3 nm) from their average peak height in “E.” state
and “NE.” state resulted in nano-gaps of 64.1 nm and 49.0 nm,
respectively, below the elevated nano-blockers. Given that we used a
long polymer linker with a molecular weight of 10 kDa, its lengths of
49.0 nm and 64.1 nm in the non-stretched and stretched states,
respectively, are consistentwithpreviously reported analyses64,65. Thus
a small height disparity of only approximately 15.1 nmvia the reversible
dynamic control of nano-blocker elevation effectively modulated the
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infiltration of stem cells. This rather striking phenomenon could be
regulated by cellular filopodia (dynamic slim extensions of cyto-
plasmic protrusions from the cell membrane) that can sense ligands
via integrin receptors (around 10 nm in size) present at the cell
membrane, thereby facilitating cellular adhesion and spreading33,58,59.
Filopodia typically exhibits a diameter slightly above 60 nm, and can

therefore slide through the nano-gaps with a height of 64.1 nm under
the elevated nano-blockers66. The height of this nano-gap lies just
above the threshold size offilopodia that enables it to access the ligand
nodes under the nano-blockers, thereby regarding the ligand nodes
interconnected across the nano-blockers. Since the filopodia form
focal adhesions with the adheredmaterials, a significantly higher focal
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adhesion number in the “E.” state compared with the “NE.” state offers
further evidence for filopodia being able to reach the highly inter-
connected ligand nodes under the nano-blockers were in the elevated
state59. In stark contrast, filopodia could not slide through the nano-
gapswith a height of 49.0 nmwhen the nano-blockerswere in the non-
elevated state, thereby suppressing them from reaching the ligand
nodes disconnected across the nano-blockers.

Our present report of employing 1-D anisotropic-shapedmagnetic
nano-blockers to reversibly regulate # ligand inter-cluster edges is
distinctly different from previous reports that showed the modulation
of cell behaviors via 1-D micro/nanostructures32,36,51,52,67, or clustering31

since they did not modulate the blocking of the ligands to regulate
ligand interconnectivitywith systematicmodeling. Taken together, our
findings prove that cyclic elevation of anisotropic nano-blockers can
remotelymanipulate # ligand inter-cluster edges to facilitate reversible
integrin recruitment-mediated stem cell adhesion, which can be unra-
veled through systematic modeling of ECM interconnectivity.

Cyclic tuning of ligand network reverses stem cell behaviors
Filopodia formation can drive focal adhesion, which facilitates cellular
mechanotransduction and differentiation58,59. Therefore, we next
examined whether cyclic tuning of # ligand inter-cluster edges can
modulate the focal adhesion of stem cells to reversibly regulate the
mechanotransduction that leads to the differentiation of stem cells. To
this end, stem cells were cultured either in a growth medium to insti-
gate focal adhesion andmechanosensing or osteogenic differentiation
medium to instigate differentiation. The employment and non-
employment of a piece of permanent magnet (295mT) above the
materials were either switched or maintained every 24 h up to 72 h
(“NE.-NE.-NE.”, “NE.-E.-NE.”, “E.-NE.-E.”, and “E.-E.-E.”) for cyclic tuningof
# ligand inter-cluster edges. The immunostained fluorescent imaging
and analysis showed that stem cells examined right after being cul-
tured with nano-blockers in the elevated state consistently exhibited a
significantly escalated number of DAPI-positive cells, focal adhesion
number of each cell, actin-positive area of each cell, and nuclear/
cytoplasmic intensity ratios of YAP and RUNX2 expression, along
with a lower cell aspect ratio (Fig. 7a, b and Supplementary
Figs. 19 and 20a, b). This indicates that the adhesion, mechan-
otransduction, and differentiation of stem cells could only be rever-
sibly promoted after elevating the nano-blockers. On the contrary,
stem cells examined right after being cultured with nano-blockers in
the non-elevated state consistently exhibited the opposite trend. The
quantitative examination of stem cell differentiation via western
blotting analysis further corroborated this result, in which stem cells
cultured on cyclically controlled groups whose culturing ended with
the nano-blockers in the elevated state (“E.-NE.-E.”, and “E.-E.-E.”)
exhibited higher expression of both RUNX2 and ALP (osteogenic dif-
ferentiation marker) proteins (Fig. 7b and Supplementary Fig. 21).

These results suggest that stem cells can sense and respond to the
reversible escalation of # ligand inter-cluster edges via cyclic elevation
of the nano-blockers, resulting in their mechanosensing and differ-
entiation being regulated accordingly.

The activation of Rho signaling mediates actin polymerization,
thereby supporting the formation of filopodia, which drives the
mechanosensing and differentiation58,59. Therefore, to assess mole-
cular signaling that governs # ligand inter-cluster edges-mediated
regulation of stem cell mechanosensing and differentiation, adhesion-
related proteins and their inhibition were investigated.While remotely
tuning# ligand inter-cluster edges, stemcellswere cultured for 48 hon
thematerials displaying remotely tuned # ligand inter-cluster edges in
growth medium or 72 h in osteogenic differentiation medium, both of
which were supplemented with one of the following cell adhesion-
related pharmacological inhibitors of myosin II by ML9, actin poly-
merization by Swinholide A, or rho-associated protein kinase (ROCK)
by Y27632. Although the expressions of both YAP and RUNX2 were
stimulated in correspondence with escalating # ligand inter-cluster
edges free of any inhibitor, suppressing any of the adhesion-related
molecular mechanisms by each inhibitor’s nullified # ligand inter-
cluster edges-mediated stem cell-regulatory effect (Fig. 8a, b). Taken
together, these analyses unravel the regulatory mechanisms of stem
cell behaviors via the tuning of # ligand inter-cluster edges that involve
myosin II, actin polymerization, and ROCK signaling.

Ligand inter-cluster connectivity governs stem cell in vivo
The network interconnectivity of natural ECM incessantly varies over
timewhich determines its dynamic function to modulate the filopodia
formation in stem cells that regulates their mechanotransduction and
differentiation in vivo1,58,59,68. Thus, the applicability of modeling of
ECM-mimetic tunable # ligand inter-cluster edges in vivo was pre-
liminarily examined to unravel the regulation of stem cell behaviors
that can support neo-tissue formation. As a proof-of-concept, materi-
als displaying reversibly tunable # ligand inter-cluster edges were
implanted in the subcutaneous pockets of mice, after which hMSCs
were injected thereon (Fig. 9a). The mice were kept anesthetized to
immobilize them to ensure stable adhesion of the stem cells to the
materials without any breakage and stem cell leakage. Furthermore, a
piece of permanent magnet was coupled to the backs of the mice to
mediate the elevation of high-anisotropy nano-blockers that escalate #
ligand inter-cluster edges. The coupling and uncoupling of themagnet
were either switched or maintained every 3 h for 6 h (“NE.-NE.”, “NE.-
E.”, “E.-NE.”, and “E.-E.”) for time-resolved tuning of # ligand inter-
cluster edges.

Immunostained fluorescent imaging and quantitative analysis of
co-localization of the human-specific HuNu and DAPI confirmed that
the adherent cells were then injected hMSCs. The examination of their
trends corroborated with the in vitro results, where not only the

Fig. 6 | Cyclic elevation of anisotropic nano-blockers escalates # ligand inter-
cluster edges that reversibly stimulate integrin recruitment. a Schematic
illustrationof the cyclic elevation (“E.”) andnon-elevation (“NE.”) of high-anisotropy
nano-blockers grafted to thematerials (“High aniso.”) that can reversibly escalate #
ligand inter-cluster edges. b In situ atomic force microscopy (AFM) images of the
cyclic elevation of high-anisotropy nano-blockers for reversible tuning of # ligand
inter-cluster edges repeated over two cycles marked with white dotted lines at the
midsection for height analysis and c the subsequent computation of peak height
changes of the nano-blockers (n = 5; ***p <0.001). d Schematic illustration of uti-
lizing L-cysteine to compute the number of polymer linkers coupled to the nano-
blocker surfaces using Ellman’s assay for (e) computation of the reacted L-cysteine
molarity on the anisotropic nano-blockers either coupled with a low (used in this
study) or high density of polymer linker (n = 4; ***p <0.001). f Scanning electron
microscopy (SEM), elemental energy dispersive spectroscopy (EDS) mapping (Fe
from the magnetite phase of the nano-blocker core), and overlay images of
immuno-GNP (IGNP)-based tagging of integrin in stem cells adhered to the

materials displaying tunable # ligand inter-cluster edges. g Schematic illustration
and SEM images of the IGNP-tagged integrin in stem cells that could infiltrate
through nano-gaps (at low polymer linker density showing the image in Fig. 5f) or
were blocked (at high polymer linker density) when the anisotropic nano-blockers
were elevated. h Computation of the average number of IGNP-tagged integrin in
stem cells at the cell boundary per unit area (μm2) (n = 3 gold nanoparticles;
**p <0.01; ***p <0.001) and inter-distance of the liganded GNPs after cell culturing
(n = 10 edges). A piece of permanent magnet (295mT) was employed (“E.”) or non-
employment (“NE.”) above thematerials for the cyclic elevation of high-anisotropy
nano-blockers. High-anisotropy nano-blockers were linearized (“Lin.”) on the
materials viamagnetic annealingduring their grafting to thematerial surface. In the
SEM images, stem cells and IGNPs are each colored green and white, respectively.
Scale bars: 200 nm (AFM) and 500nm (SEM and EDS). Data are shown as the
means ± standard errors. Statistical analysis was performed using one-way ANOVA
along with the Tukey–Kramer post hoc test. N.S. denotes no statistically significant
difference. Source data are provided as a Source Data file.
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number of HuNu-positive cells but also the focal adhesion number,
actin-positive area, and nuclear/cytoplasmic intensity ratios of YAP
and RUNX2 were escalated while the cell aspect ratio was reduced for
stem cells subjected to time-resolved ligand degree tuning that ended
in the elevated state of nano-blockers (“NE.-E.” and “E.-E.”) (Fig. 9b, c
and Supplementary Fig. 22). Furthermore, the implanted materials
subjected to remote tuning remained stable in the in vivo

microenvironment for 24 h and exhibited similar density of both the
GNPs and nano-blockers before and after implantation (Supplemen-
tary Fig. 23a, b). They were non-cytotoxic as evaluated locally (sub-
cutaneous tissue) and systemically (liver, heart, spleen, and kidney) by
thepreservationof cellular organization after implantation in themice,
suggesting their safe applicability (Fig. 9d). This is consistentwithprior
findings of applying a magnetic field to manipulate nanomaterials

Fig. 7 | Remote cyclic tuning of # ligand inter-cluster edges reversibly regulates
stem cell behaviors. a Immunostained fluorescent images of paxillin co-stained
with F-actin and nuclei (DAPI) of adherent stem cells after 24h, 48 h, or 72 h of
culturing in growth medium and RUNX2 co-stained with F-actin and nuclei after
72 h of culturing in differentiation medium on materials displaying a cyclically
tunable # ligand inter-cluster edges. b Computation of the DAPI-positive cell den-
sity (n = 6–9 biological replicates; *p <0.05; **p <0.01; ***p <0.001), focal adhesion
number (n = 6 cells; ***p <0.001), actin-positive cell area (n = 6 cells; ***p <0.001),
and nuclear/cytoplasmic intensity ratio of RUNX2 (n = 6 cells; *p <0.05; **p <0.01;

***p <0.001) alongwithwestern-blot analysis of RUNX2 andALPprotein expression
(normalized to GAPDH) of adherent stem cells. The employment and non-
employment of a piece of permanent magnet (295mT) above the materials were
either switched or maintained every 24h for up to 72 h (“NE.-NE.-NE.”, “NE.-E.-NE.”,
“E.-NE.-E.”, and “E.-E.-E.”). Scale bars: 50 µm (confocal microscopy). Data are shown
as the means ± standard errors. Statistical analysis was performed using one-way
ANOVA along with the Tukey–Kramer post hoc test. N.S. denotes no statistically
significant difference. Source data are provided as a Source Data file.
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remaining non-toxic48,69. Altogether, these results cooperatively pro-
pose that tuning the mathematically modeled # ligand inter-cluster
edges in vivo could safely and efficiently regulate themechanosensing-
mediated stem cell behaviors, thereby presenting promising applic-
ability for systemically unraveling their tissue-regenerative therapeutic
effect.

Discussion
We introduced the concept of utilizing the graph theory to mathe-
matically model # inter-cluster edges of interconnected ligand GNP
nodes by varying the anisotropy of homogeneously arranged nano-
blockers with identical projected areas and surface density, enabling
independent tuning of # ligand inter-cluster edges. Increasing the
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anisotropy of the magnetic nano-blockers flexibly grafted to the
material surface proportionally blocked ligand-to-ligand interconnec-
tion betweenneighboring ligand clusters thatdecreased# ligand inter-
cluster edges and thus deactivated stem cells.

We also present two approaches to remotely enhancing # ligand
inter-cluster edges. First, magnetically linearizing the nano-blockers
directionally increased the number of ligand interconnections, which
thus escalated # ligand inter-cluster edges. Second, cyclic remote
control of magnetically elevating the nano-blockers provided nano-
gaps through which integrin-presenting filopodia of stem cells could
infiltrate and contact the interconnected ligand nodes thereunder,
thereby strengthening their focal adhesion, mechanosensing, and
resulting differentiation, both in vitro and in vivo. Yet, it is acknowl-
edged the limitations of our preliminary animal experiments in fully
capturing the behaviors of cells interfacing with the materials. While
we are committed to extending our mathematical modeling concepts
to more complex and sophisticated three-dimensional environments
in the future, such an expansion would be overly complicated for the
current work.

In summary, the remodeling of natural ECM reversibly modulates
the connection and disconnection in the liganded network structure
that governs its function, physiology, pathology, and disease devel-
opment. Therefore, designing such diverse ECM-mimetic materials
and systematically elucidating the effect of regulating material inter-
connectivity on various cell behaviors, such as the differentiation of
stem cells into different lineages70,71 or the adhesion and invasion of
tumor cells72, via mathematical modeling, can broaden the horizons of
biomaterial applications of thesematerials. With further development
of computational modeling and machine learning73,74, our approach
can be potentially applied to analyzing essentially any other ECM-
emulating functional geometries58 by designing the structures of
remotely regulatable nano-blockers to precisely and reversibly reg-
ulate and elucidate cell-material interactions for advancing regen-
erative therapies.

Methods
Ethics declaration
All mouse experiments were performed after obtaining approval from
the Institutional Animal Care and Use Committee of Korea University
(KOREA-2021-0006). The mice were housed in a standardized envir-
onment with a 12 h light/12 h dark cycle at 18–25 °C under 50± 5%
relative humidity in a semi-specific pathogen-free (SPF) environment
at Laboratory Animal Research Center of Korea University College of
Medicine. The animals weremonitored daily for any clinical symptoms
(e.g., re-epithelialization, weight loss, inflammation, infection, bleed-
ing). After each experiment, mice were euthanized via CO2 asphyxia-
tion in a sealed chamber, with CO2 gas concentration gradually
increased at a rate of 10–30% per minute and maintained for at least
5min. After respiration ceased, the animalswere checked for heartbeat
cessation to confirm complete euthanasia.

Tuning only the anisotropy of silica-enveloped nano-blocker
precursors irrespective of the projected area
For the meticulous tuning of the anisotropy degree (i.e., low, moder-
ate, and high) of remotely manipulable nanorods (nano-blockers),
precursor nanorods in akaganeite phase (β-ferric oxyhydroxide) prior

to the formation of silica envelop were first synthesized in different
dimensions. Their nanorod structures were achieved through the
hydrolysis process of iron(III) chloride (FeCl3), resulting in the pre-
ferential growth of the akaganeite phase (monoclinic structure) in the
[010] direction. The growth rate of the akaganeite nanorods is directly
proportional to the FeCl3 concentration, in which their higher con-
centration results in the nanorodswith higher anisotropies. Hence, the
akaganeite nanorods with varied anisotropies were synthesized
through a sequential procedure. First, controlled amounts (2.5 g, 5.0 g,
or 7.5 g) of FeCl3 · 6H2Owere dissolved in deionized (DI) water and left
at 85 °C overnight, resulting in the akaganeite nanorods with low,
moderate, andhigh anisotropies, respectively. Theywere then isolated
by washing with centrifugation using ethanol and then suspended in
10mL of DI water. Finally, the precursor akaganeite nanorods in var-
ious anisotropies prior to the formation of silica envelop were stabi-
lized in 90mLof DI water containing 2wt% polyvinylpyrrolidone (PVP,
molecular weight of 10 kDa) overnight, washed with centrifugation
using DI water, and finally suspended in 12mL of DI water.

For the adjustment of their projected area to be similar and their
structural preservation during the phase transformation from akaga-
neite to magnetite phase (via reduction), a silica envelope was formed
on the surfaces of each precursor akageneite nanorods of different
anisotropies. The thickness of silica envelops on each akaganeite
nanorod differed depending on the desired anisotropy. To this end,
5mL of DI water containing 1.25mL of ammonium hydroxide was
added to 1mL of stabilized akaganeite nanorods in 25mL of ethanol,
followed by stirring for 20min. The number of times TEOS was added
to the mixture was controlled depending on the desired anisotropies
(low, moderate, and high) of the silica-enveloped nanorods. For the
low or moderate anisotropy of the nanorod structure of akageneite
enveloped by silica (nano-blocker precursors) (“Low aniso. nano-
blocker precursor” and “Moder. aniso. nano-blocker precursor”),
12.5 μL of TEOS was added eight or four times with 15-min interval
between each addition to the akaganeite nanorods with low or mod-
erate anisotropies, respectively. For high-anisotropy nano-blocker
precursors (“High aniso. nano-blocker precursor”), 10μL of TEOS was
added once to the akaganeite nanorods with high anisotropy. In each
case, themixturewas then stirred at roomtemperature for 2 h, washed
with centrifugation using ethanol, and suspended in 3mL of DI water.

In situ phase transformation for converting anisotropic nano-
blocker precursors to anisotropic nano-blockers
The annealing-mediated reduction was applied to mediate in situ
phase transformation of the akaganeite phase in the anisotropic nano-
blocker precursors into the magnetite phase to produce the nanorod
structure of magnetite enveloped by silica envelope (nano-blocker)
that is remotely and reversibly manipulable. To this end, 1.5mL of
nano-blocker precursors in various anisotropies were eachmixed with
10mL of triethylene glycol (TEG) and heated at 340 °C for 2 h under a
nitrogen atmosphere. After the treatment via in situ phase transfor-
mation, the resulting anisotropic nano-blockers were washed with
centrifugation using ethanol and suspended in 6mL of ethanol. Each
“Low aniso. nano-blocker precursor”, “Moder. aniso. nano-blocker
precursor”, and “High aniso. nano-blocker precursor” transformed into
“Low aniso. nano-blocker”, “Moder. aniso. nano-blocker”, and “High
aniso. nano-blocker”, respectively.

Fig. 8 | Dynamic stem cell behaviors regulated by remote tuning of # ligand
inter-cluster edges is driven by the adhesion-relevant molecular machinery.
a Immunostained fluorescent images of YAP co-stained with F-actin and nuclei of
adherent stem cells after 48h of culturing in stem cell growth medium or RUNX2
co-stained with F-actin and nuclei after 72 h of culturing in stem cell differentiation
medium on materials displaying remotely tunable # ligand inter-cluster edges. In
each case, the medium was supplemented with ML9 (a myosin II-inhibitor), Swin-
holideA (Swinh. A; an actinpolymerization-inhibitor), or Y27632 (aROCK-inhibitor)

or without any of the inhibitors (the control). b Computation of nuclear/cyto-
plasmic intensity ratio of YAP (n = 6 cells; ***p <0.001) and RUNX2 (n = 6 cells;
*p <0.05; ***p <0.001) expression in adherent stemcells. Scale bar: 50 µm(confocal
microscopy).Data are shownas themeans ± standarderrors. Statistical analysiswas
performed using one-way ANOVA along with the Tukey–Kramer post hoc test. N.S.
denotes no statistically significant difference. Source data are provided as a Source
Data file.
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For the verification of in situ phase transformation of converting
the akageneite phase (monoclinic structure) in anisotropic nano-
blocker precursors into the magnetite phase (inverse spinel structure)
during the reduction, in situ, TEM, HR-TEM, and selected area electron
diffraction (SAD) imaging were performed by using a TitanTM 80-300.
FFT analysis was also performed on the images (aligned along the zone

axis) acquired from in situ HR-TEM imaging for the crystal structure
analysis. The analyses of the phase transformation under anneal con-
ditions at 340 °C for 2 h were performed using representative
moderate-anisotropy nano-blocker precursors at an accelerating vol-
tage of 200 kV with a heating rate of 0.45 °C/s. For the in situ SAD
pattern, 60 frameswerecapturedover 130minand the resulting in situ
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movie was produced at 780 times faster than in real-time speed. The
distinctive rings of diffraction for the (310) plane corresponding to the
akaganeite phase and the (220) plane corresponding to the magnetite
phase were colored in turquoise and red, respectively.

In situ TEM analysis
For the examination of homogeneous shapes and sizes of the aniso-
tropic nano-blocker precursors, anisotropic nano-blockers, and GNPs,
TEM imaging was conducted with Talos G2 apparatus from Thermo
Fisher75. Analysis of the obtained TEM images using ImageJ software
allowed the computation of anisotropic nanorod length, width, ani-
sotropy [calculated by dividing the nanorod length (major axis) by its
width (minor axis)], and projected area.

In situ SAD analysis
For crystalline atomic structure characterizations, anisotropic nano-
blocker precursors and anisotropic nano-blockers were characterized
for the crystal structure verification of the akaganeite in the nano-
blocker precursors andmagnetite in the nano-blocker via SAD analysis
using a Titan 80-300 with a camera length of 60mm. The results were
presented in the SAD pattern that showedmultiple rings of diffraction
corresponding to various planes, such as (200), (103), (211), (310), and
(411) for the akaganeite phase and (220), (311), (400), (511), and (440)
for the magnetite phase.

In situ HR-TEM analysis
The anisotropic nano-blocker precursors, anisotropic nano-blockers,
and GNPs were characterized for the atomic structure visualizations of
the akaganeite in the nano-blocker precursors, magnetite in the nano-
blockers, and gold in GNPs via HR-TEM analysis using a Titan 80-300
apparatus at an accelerating voltage of 300 kV. The average d-spacing
between the successive lattice planes (approximately 5.2–5.4 Å for
akaganeite, 3.1 Å for magnetite, and 2.4 Å for gold) was measured and
identified based on available data for the respective crystalline
structures.

In situ FFT analysis
The images (aligned along the zone axis) acquired from HR-TEM
imaging were exploited for the crystal structure analysis of the aka-
ganeite phase in the nano-blocker precursors and themagnetite phase
in the nano-blockers via FFT characterization. The results showed that
periodic bright spots corresponded to the (200) plane of the akaga-
neite in the nano-blocker precursors and the (220) plane of the mag-
netite in the nano-blockers.

Linear profiles of elemental EDS mapping
For the structural and elemental analyses of anisotropic nano-blocker
precursors and anisotropic nano-blockers, HAADF-STEM and EDS
mapping were performed using the Talos G2 apparatus. HAADF-STEM
imaging was carried out for the nanostructure examination of aniso-
tropic nano-blocker precursors and anisotropic nano-blockers. The
specific imaging conditions include a 200-kV acceleration voltage, a

collection semi-angle of 38–200mrad, a convergence semi-angle of
11.8mrad, a pixel dwell time of 3μs, a 1024 × 1024-pixel area, an elec-
tron probe size of 0.2 nm, an emission current of 185μA, and a probe
current of 185 pA.

EDS mapping and analyses (elemental spectra and line profile) of
anisotropic nano-blocker precursors and anisotropic nano-blockers
were conducted for the elemental composition (Fe, O, and Si ele-
ments) examination of the nanorods. The specific imaging was carried
out at 200 kV and 2.13 nA with a speed of 15min/image. The EDS
mapping showed that Fe was present solely in the core, O was evenly
distributed, and Si was solely present in the silica envelop of nano-
blocker precursors and nano-blockers. The EDS line profiles, taken
from the midsection of nano-blocker precursors and nano-blockers,
confirmed individually optimized silica envelops for each varying
anisotropy.

HR-STEM
The anisotropic nano-blockers and GNPs were subjected to HR-STEM
characterization using Titan 80-300 apparatus for the atomic struc-
ture examinations of crystalline magnetite in the nano-blockers and
gold in the GNPs. The imaging was performed at 300 kV with a Cs-
corrected TM 80-300 probe at a magnification of 10 million times
under conditions including 47.5–200-mrad collection semi-angle, 12-
mrad convergence semi-angle, 8-μs pixel dwell time, 2048 × 2048pixel
area, 0.08-Å electron probe size, 197-μA emission current, and 62.5-pA
probe current. The lattice parameters of the (100) plane of the mag-
netite (8.4 Å) and (111) planar spacing of the gold (2.4 Å) were calcu-
lated to confirm their respective crystalline structures.

XRD analysis
For the crystalline plane examination of the akaganeite in the nano-
blocker precursors and magnetite in the nano-blockers, XRD analysis
was performed using a D/MAX-2500V/PC apparatus from Rigaku with
CuKα radiation. The typical diffractionpeaks suchas (103), (211), (310),
(411), and (512) for the akaganeite phase and (220), (311), (400), (511),
and (440) for the magnetite phase were identified for the respective
crystalline planes.

Magnetic property analysis
For the examination of non-magnetic anisotropic nano-blocker pre-
cursor properties and magnetically reversible anisotropic nano-
blocker properties, VSM measurement was conducted using an EV9-
380 apparatus (Microsense). The measured magnetic moments were
assessed as hysteresis loops under amagneticfield andpresented after
normalization to the respective dry weight of the material.

Amine-functionalization of anisotropic nano-blockers
For the versatile application of anisotropic nano-blockers, their silica
envelops were functionalized with amine groups by mixing 10mL of
each nano-blocker in various anisotropies with 60mL of ethanol. The
suspension was mixed with 1mL of (3-aminopropyl) triethoxysilane
(APTES) and stirred at room temperature for 16 h. The resulting

Fig. 9 | Time-resolved tuning of # ligand inter-cluster edges regulates stem cell
behaviors in vivo. a Schematic illustration of the time-resolved elevation (“E.”) and
non-elevation (“NE.”) control of high-anisotropy nano-blockers to tune # ligand
inter-cluster edges in vivo for the regulation of injected stem cells on the implanted
materials. b Immunostained fluorescent images of paxillin or YAP co-stained with
F-actin and nuclei (DAPI), and HuNu co-stained with RUNX2 and nuclei (DAPI) of
adherent stem cells after 6 h of injection onto the subcutaneously implanted
material displaying a reversibly tunable # ligand inter-cluster edges. cComputation
of theHuNu-positive cell density (n = 6biological replicates; *p <0.05; ***p <0.001),
the focal adhesion number (n = 6 cells; *p <0.05; ***p <0.001), and the nuclear/
cytoplasmic intensity ratios of YAP and RUNX2 expression (n = 6 cells; *p <0.05;
***p <0.001) in adherent stem cells after 6 h of injection. d Hematoxylin and eosin

(H&E) stained images of subcutaneous tissue near the implanted site and major
organs (liver, heart, spleen, and kidney) of mice before and 7 d after material
implantation to assess the toxicity of implanted materials locally and systemically,
respectively. A piece of permanent magnet was carefully coupled to the backs of
the mice to direct the elevation of high-anisotropy nano-blockers in vivo. The
coupling and uncoupling of the magnet were either switched or maintained after
3 h for 6 h (“NE.-NE.”, “NE.-E.”, “E.-NE.”, and “E.-E.”). Scale bars: 50 µm (confocal
microscopy) and 200 μm (optical microscopy). Data are shown as the means ±
standard errors. Statistical analysis was performed using one-way ANOVA along
with the Tukey–Kramer post hoc test. Source data are provided as a Source
Data file.
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anisotropic nano-blockers with amine-functionalized silica envelopes
were washed with centrifugation using ethanol and then suspended in
40mL of DI water.

Polymer linker-coupling of anisotropic nano-blockers
For the reversible tuning of the number of inter-cluster edges (referred
to as “# inter-cluster edges”), nano-blockers in various anisotropies
(“Low aniso. nano-blocker”, “Moder. aniso. nano-blocker”, and “High
aniso. nano-blocker”) were coated with polymer linkers. The proce-
dure involved adding 0.5mg of maleimide-poly(ethylene glycol)-N-
hydroxy-succinimide (Mal-PEG-NHS, molecular weight of 10 kDa from
Polysciences), 20μLof phosphine hydrochloride (TCEP), and2μLofN,
N-diisopropylethylamine (DIPEA) to 1mL of amine-functionalized ani-
sotropic nano-blockers, then vortexing themixture for 16 h in the dark
at 25 °C. This procedure produced polymer linker-coupled amine-
functionalized anisotropic nano-blockers ready for grafting to the
materials with the interconnected ligand nodes (“Low aniso.”, “Moder.
aniso.”, and “High aniso.”).

Zeta potential analysis
For the verification of the changes in the surface charge before and
after coupling polymer linkers to the amine-functionalized anisotropic
nano-blockers, zeta potential analysis was conducted using a Zetasizer
Nano ZS90 apparatus from Malvern Panalytical.

FTIR analysis
For the verification of specific chemical bonds formed after the amine-
functionalization andpolymer linker-coupling of the anisotropic nano-
blockers, FTIR analysis was conducted using a Nicolet iS10 apparatus
from Thermo Fisher Scientific. Beforehand, samples in the suspension
state were dried, embedded in KBr pellets, andmeasured for the FTIR.
The absorption peaks were identified based on theirmatchingwith the
chemical bonds of the anisotropic nano-blockers exhibiting Si-O and
Fe-O bonds. The absorption peaks after the change in the chemical
bondwith identified at thepeaks ofO=C−NHandC−Obonds signifying
the successful polymer linker-coupling.

Synthesis of the GNPs of distinctly different sizes
For the obvious discrimination of smaller GNPs acting as ligand nodes
of the interconnected ligands on the material surface and larger GNPs
utilized for tagging integrin β1 of the recruited stem cell, GNPs of
distinctly different sizes were separately prepared. For their synthesis
of smaller- and larger-sized GNPs, 20mL of 1-mM hydrogen tetra-
chloroaurate (III) trihydrate (HAuCl4·3H2O) was first shaken at 100 °C
for 30min. Followingly, 1.6mL (for smaller GNPs in the diameter of
20 nm) or 2.5mL (for larger GNPs in the diameter of 40 nm) of 38.8-
mM trisodium citrate (Na3C6H5O7) was added and stirred for 15min.
The GNPs were each collected when the color of the solution changed
from yellow to burgundy red, signifying the completion of the
reaction.

DLS analysis
For the confirmationof homogeneousGNPs in smaller (in the diameter
of 20 nm)and larger (in thediameter of 40 nm) sizes used in this study,
a DLS examination was conducted with a Zetasizer Nano ZS90 appa-
ratus from Malvern Panalytical.

Development of materials displaying a reversibly tunable num-
ber of inter-cluster edges within interconnected ligand
networks
To develop materials displaying a reversibly tunable number of inter-
cluster edges within interconnected ligand networks, the nano-
blockers of each anisotropy were grafted via polymer linkers over
the interconnected ligandnodes (liganded smallerGNPs)presentedon
thematerial surface. To decouple other parameters, the nano-blockers

of each anisotropy were designed to exhibit similar projected areas,
which were grafted to the material surface at similar density, enabling
the variation of only anisotropy in the nano-blockers to present a
tunable number of inter-cluster edges of interconnected ligands. To
this end, glass coverslips (22 × 22mm2, cell culture grade) used as the
material were sterilized by washing with a 1:1 hydrochloric-methanol
solution for 45min, followed by rinsing with DI water three times.
Afterward, the coverslips were treated with sulfuric acid (H2SO4) for
70min to activate their surface with hydroxyl (−OH) groups, followed
by washing with DI water and methanol. The hydroxyl-activated sur-
face was then thiolated for 70min in a solution of (3-mercaptopropyl)
trimethoxysilane (MPTMS) and ethanol (1:19) in the dark, followed by
rinsing with ethanol and DI water and drying in an oven at 100 °C
for 70min.

To fabricate the interconnected ligand network, the thiolated
surfaces of the materials were first incubated with 300μL of smaller
GNPs (in the diameter of 20nm) at 25 °C for 16 h in the dark for their
grafting through gold-thiol bonding. Successive treatment with a
solution of 0.2 nM of thiolated RGD tripeptide ligand (CDD RGD from
Gl Biochem) and 10mM of tris(2-carboxyethyl)phosphine (TCEP) for
12 h in the dark followed by DI water washing resulted in the material-
grafted liganded GNPs via the gold-thiol bond, thereby turning them
into completely interconnected ligand nodes. In this procedure, TCEP
was used to prevent any non-specific grafting of the thiolated ligand to
the thiolated surface through disulfide bonds.

The material surfaces exhibiting completely interconnected
ligands were then incubated with 300μL of polymer linker-coupled
nano-blockers of each anisotropy for 16 h in the dark, followed by
rinsing with DI water. The polymer linker-coupled anisotropic nano-
blockers were grafted to the material surface not covered with the
interconnected ligand nodes through maleimide-thiol bonding. The
residual surfaces not covered with either the ligand nodes or aniso-
tropic nano-blockers were treated with 2mL of DI water containing
0.75mg of methoxy-PEG-maleimide (MeO-PEG-Mal, molecular weight
of 750Da from Sigma–Aldrich) at 25 °C for 2 h in the dark to prevent
non-specific cell adhesion to the non-liganded surfaces. The material
surfaces were then washed with DI water.

To linearize the anisotropic nano-blockers [“Low aniso. (Lin.)”,
“Moder. aniso. (Lin.)”, and “High aniso. (Lin.)”], the materials were
subjected to three rounds of magnetic annealing for 15min each dur-
ing their incubation period with the polymer linker-coupled aniso-
tropic nano-blockers. The uniformmagnetic field produced by a 13.5-A
electric current applied to the electromagnets at both ends of the
materials linearized the anisotropic nano-blockers in the direction of
the magnetic field. The magnetic annealing system was optimized so
that the nano-blockers could be linearized without being attracted to
the magnets. In our study, the anisotropic nano-blockers were
assumed to be randomly oriented unless the linearization was stated.

Systematic analysis of tunable # ligand inter-cluster edges
The SEM imaging was conducted with a Quanta 250 FEG SEM (FEI) to
examine the arrangement of the liganded GNPs (ligand nodes) and
anisotropic nano-blockers on the material surface displaying rever-
sibly tunable average number of inter-cluster edges within the inter-
connected ligand networks. Beforehand, the materials were dried
under a vacuum and coated with platinum before SEM imaging. Ana-
lysis of the obtained SEM images using ImageJ software revealed a
highly homogeneous arrangement of the ligand nodes with their
similar values of inter-distance and surface density of the anisotropic
nano-blockers, as well as different values of the average number of
inter-cluster edges and the average inter-angle between the nano-
blockers (in absolute value). The highly consistent regular distribution
of the ligand nodes on the material surfaces allowed cells to sense
them as interconnected ligands that could be analyzed to compute the
average number of inter-cluster edges.Moreover, the identical surface
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density of anisotropic nano-blockers in each group suggests the dif-
ference in the average number of inter-cluster edges in each group to
be mainly attributed to the anisotropy difference of nano-blockers.

Analysis of the interconnected ligands using the average num-
ber of inter-cluster edges
Toquantitatively analyze the interconnected ligand clusters, the notion
of the average number of inter-cluster edges based on graph theory
was utilized76,77. In our system, the liganded GNPs that each acted as
ligand nodes were homogeneously arranged with equal inter-distances
(approximately 200nm). To facilitate graph theory-based analysis, the
edges between ligand nodes were established using Delaunay trian-
gulation, which ensures geometrically consistent connections between
neighboring ligand nodes by maximizing the minimum angle of each
triangle to achieve tessellation close to equilateral triangles78,79. Each
liganded GNP node in the network structure in the SEM images was
mapped as coordinates using ImageJ software, then connected by
edges by applying Delaunay triangulation in Python. Following the
construction of the ligand network, the edges that are disconnected by
the presence of anisotropic nano-blockers were removed, resulting in
the modeling of the ligand network involving anisotropic nano-
blockers. Subsequently, these network models were partitioned into
clusters by maximizing the modularity using the Louvain algorithm in
Python. Finally, the average number of inter-cluster edges (referred to
as “# inter-cluster edges”) was calculated by dividing the number of
interconnected edges between clusters by the number of connected
cluster pairs. The “Low aniso.”, “Moderate aniso.”, and “High aniso.”
groups present different # inter-cluster edges of highly organized
ligand nodes in the presence of anisotropic nano-blockers where the
obstruction of connected edges between ligand clusters is stimulated
with escalating nano-blocker anisotropy that reduces # inter-cluster
edges. Remote control of irreversible linearization (“Lin.”) of high-
anisotropy nano-blockers yields their presentation in an ordered
manner, resulting in more locally unobstructed ligand node connec-
tions and thus partly enhancing # inter-cluster edges as comparedwith
the non-linearized group. Remote control of elevating anisotropic
nano-blockers (“E.”) reconnects the interconnected ligand nodes
allowing cell infiltration under the elevated nano-blockers, which are
disconnected in the presence of non-elevated nano-blockers (“NE.”),
resulting in a significant escalation of # inter-cluster edges.

Optimization of the polymer linker density to reversibly control
# ligand inter-cluster edges
To confirm the optimized polymer linker density used to graft the
anisotropic nano-blockers to the material surface that allows cells to
sense the ligand nodes to be interconnected across the elevated ani-
sotropic nano-blockers and thus infiltrate through the nano-gap under
them, Ellman’s assay was performed. To this end, each 20μL of “High
aniso. nano-blocker” (approximately 654 k nanorods per 1μL) coupled
with either a low (150μg) or high (6000μg) amount of polymer linker
was first reacted four times independently with 3.6μg of thiolated
L-cysteine via thiol-ene bond at room temperature. Successive appli-
cations of Ellman’s assay enabled a comparative analysis of the density
of polymer linkers coupled on each nano-blocker by computing the
concentration of L-cysteine reactedwith the polymer linkers coupled to
the nano-blockers, in which a high number of reacted L-cysteine sig-
nifiedhighdensityof polymer linkers coupledon thenano-blockers. For
such calculation, the amountof unreacted L-cysteinedeterminedby the
amount of residual Ellman’s reagent in the supernatant was subtracted
from the total amount of added L-cysteine. SEM images of the IGNP
tagging of recruited integrin in stem cells confirmed that the low den-
sity of polymer linkers used to graft the nano-blockers to the materials
(“High aniso.”) was optimized for cells to infiltrate under the elevated
nano-blockers, while the high density of polymer linkers blocked the
cell infiltration albeit under the elevated state.

In situ imaging of the cyclic remote control of the anisotropic
nano-blocker
For the examination of cyclic remote control of anisotropic nano-
blockers on the materials enabling reversibly tunable # inter-cluster
edges of interconnected ligands, AFM was performed with an XE-100
System from Asylum Research at room temperature in air mode using
anSSS-SEIHR-20AFMcantilever (spring constant: 5–37N/m, resonance
frequency: 96–175 kHz) from Nanosensors. The remote modulation of
the anisotropic nano-blockers situated over the interconnected ligand
nodes (liganded smaller GNPs in the diameter of 20 nm) that reversibly
controls their # inter-cluster edges was examined via peak height
change. The application of an upward magnetic field pulls the aniso-
tropic nano-blockers away from the ligand nodes situated under them,
thereby escalating # ligand inter-cluster edges by reconnecting the
ligand nodes that were originally inaccessible to cells. In the absence of
the magnetic field, anisotropic nano-blockers obstruct the inter-
connection of ligands reducing # ligand inter-cluster edges.

The identical area of the “High aniso.” material displaying nano-
blockers in high-anisotropy over smaller GNPs was cyclically imaged
underemployment (“E.”) and non-employment (“NE.”) a piece of per-
manent magnet (295 mT) above the material. The differences in linear
height profile and the computed peak height of the high-anisotropy
nano-blockers between the elevated [“High aniso. (E.)”] and non-
elevated [“High aniso. (NE.)”] states were analyzed by using the Igor
Pro 6.12 A and ImageJ software to verify the cyclic tuning of # inter-
cluster edges of interconnected ligands in situ.

Stem cell regulation by tuning # ligand inter-cluster edges only
The materials displaying reversibly tunable # inter-cluster edges of
interconnected ligand networks were first sterilized for 3 h via UV light
irradiation. They were employed to culture humanmesenchymal stem
cells (hMSCs, passage 5) provided and authenticated by Lonza (catalog
number: PT-2501) to probe the effect of tuning # ligand inter-cluster
edges on integrin recruitment, focal adhesion, mechanotransduction,
and following differentiation. Owing to the relatively large size of stem
cells on the hundreds of micrometer scale, they were employed as a
model cell type whose responses to materials can be systematically
analyzed via the average # ligand inter-cluster edges that can be gen-
eralized for microscale ligand modeling by calculating the number of
connected edges between ligand clusters for each ligand cluster pair in
SEM images.

In specific, to probe the effect of # ligand inter-cluster edges on
stem cell adhesion, stem cells (100k cells per cm2) were seeded only at
the initial stage of culture (without additions at the later stage) onto
the materials under the conditions of 37 °C and 5% CO2 using growth
medium prepared by supplementing 10% fetal bovine serum (FBS), 4
mML-glutamine, and 50U/mL of penicillin and streptomycin into high
glucoseDulbecco’smodified Eaglemedium (DMEM). To this end, each
material displays nano-blockers of different anisotropy (“Low aniso.”,
“Moder. aniso.”, and “High aniso.”) and linearizednano-blockers [“High
aniso. (Lin.)”] were used to assess the adherent stem cells after 48 h of
culturing. To verify the # RGD ligand inter-cluster edges-specific reg-
ulation of stem cells, the following control groups were employed:
“Non-decorated material”, “GNP-decorated material”, “Liganded GNP-
decorated material”, “Low aniso. free of ligand”, “Moder. aniso. free of
ligand”, and “High aniso. free of ligand”. To compare the effectiveness
of stemcell regulationby ligandordering, the following control groups
were employed: both non-linearized and linearized nano-blockers of
different anisotropy including “Low aniso.”, “Low aniso. (Lin.)”,
“Moder. aniso.”, and “Moder. aniso. (Lin.)” groups.

Regulation of stem cell behaviors via cyclic tuning of # ligand
inter-cluster edges
Cyclic tuning of # ligand inter-cluster edges was achieved by control-
ling the elevation of anisotropic nano-blockers was analyzed for the
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adherent cells after 72 h of culturing on each material displaying ani-
sotropic nano-blockers with the employment “High aniso. (E.)” or the
non-employment “High aniso. (NE.)” of a piece of permanent magnet
(295mT) above the materials that were switched or maintained after
every 24 h up to 72 h for the “High aniso.” group (“NE.-NE.-NE.”, “NE.-E.-
NE.”, “E.-NE.-E.”, and “E.-E.-E.”). To compare the effectiveness of stem
cell adhesion by manipulating the elevation of the nano-blockers, the
following control groups were employed: both low-anisotropy and
moderate-anisotropy nano-blockers including “Low aniso. (E.)”, “Low
aniso. (NE.)”, “Moder. aniso. (E.)”, and “Moder. aniso. (NE.)” groups.

Cycling tuning of # ligand inter-cluster edges was also applied to
evaluate its effect on the mechanosensing and differentiation of stem
cells by culturing them in osteogenic differentiation medium, which
was prepared by supplementing 100nM of dexamethasone, 50 µM of
ascorbic acid-2-phosphate, and 10mM of glycerophosphate into the
growth medium, using all the other experimental conditions and
groups used in the adhesion experiments.

Regulation of mechanotransduction-mediated stem cell differ-
entiation via tuning # ligand inter-cluster edges was probed either at
48 h (mechanotransduction) or 72 h (differentiation) after culturing in
a growth medium or osteogenic differentiation medium, respectively.
Each medium used in both conditions was supplemented with one of
the following cell adhesion-related inhibitors:ML9 (myosin II-inhibitor,
0.1 µM), Swinholide A (actin polymerization-inhibitor, 0.1 µM), or
Y27632 [ROCK-inhibitor, 50 µM] or none for the control group.

Fluorescent immunostaining and quantification analysis
For the investigation of the stem cell-regulatory effect of tuning #
ligand inter-cluster edges, fluorescent immunostaining was carried
out. Stem cells after culture were fixed in 4% paraformaldehyde (PFA)
at room temperature for 10min, followed by washing with PBS three
times. The fixed cells were then blocked using a blocking buffer (3%
bovine serum albumin (BSA) and 0.1% Triton X in PBS) at 37 °C for
40min. The blocked cells were then treated with a blocking buffer
containing primary antibodies [Paxilin (Santa Cruz, sc-365379), integ-
rin β1 (Santa Cruz, sc-374429), YAP (Santa Cruz, sc-101199), RUNX2
(Abcam, ab192256), and HuNu (Sigma–Aldrich, MAB1281)] and then
incubated at 4 °C for 16 h, followed by washing with 0.5% Tween 20 in
PBS four times. The cells were serially incubated in a blocking buffer
containingfluorescent secondaryantibodies [Alexa Fluor 488 (Thermo
Fisher, A11001 and A21206), and Alexa Fluor 546 (Thermo Fisher,
A11030)] and phalloidin (ThermoFisher, A12379) at room temperature
for 45min in the dark, washed four times with 0.5% Tween 20 in PBS,
and then immersed in DAPI (Thermo Fisher, P36931) antifade solution.

For the analysis of fluorescently immunostained stem cells, ima-
ging was performed with an LSM700 confocal microscope and Lattcie
SIM 5 (NFEC-2024-11-301127) both from Carl Zeiss using the same laser
exposure conditions for all groups. Using the confocal images, ImageJ
software was utilized to compute the density of adherent stem cells
(calculating the number of DAPI-positive nuclei per unit area), the
number of focal adhesions per cell (calculating the number of paxillin-
positive clusters larger than 1 µm2 in each cell), the area per cell (actin-
positive area), and the aspect ratio (the longest length divided by the
shortest length) of adhered cells80. The fluorescence intensities of
integrin β1 and the nuclear/cytoplasmic ratios of YAP and RUNX2
fluorescence intensities were determined by analyzing integrin β1-
stained images or YAP- or RUNX2-stained images along with the co-
staining of phalloidin and DAPI.

For the quantitative analysis of stem cell differentiation, western
blotting analysis was conducted after 72 h of cell culturing under the
cyclic tuning of # ligand inter-cluster edges in the “High aniso.” group.
The proteins of interest in the adherent cells, RUNX2 (Santa Cruz, sc-
101145, 60 kDa) and ALP (Abcam, ab67228, 75 kDa), were extracted via
centrifugation using PRO-PREPTM solution (iNtRON Biotechnology)
and a protease-inhibitor. After mixing with loading dye and

denaturing, protein quantification was performed using a BCA Protein
Assay Kit from Thermo Scientific. Denatured proteins were separated
on 10% sodium dodecyl sulfate (SDS)-polyacrylamide gel electro-
phoresis (PAGE) gels at 110 V for 1 h and then electroblotted onto
polyvinylidene difluoride (PVDF) membranes at 120 V for 1.5 h. The
membranes were serially blocked with TBST blocking buffer (5%
skimmed milk) for 1 h, incubated with primary antibodies (RUNX2,
ALP, and GAPDH) for 16 h, washed with TBST buffer, and then incu-
bated with secondary antibodies conjugated with anti-horse radish
peroxidase. Protein expression was visualized and computed using a
Linear Image Quant LAS 4000mini chemiluminescent imaging system
after normalization to GAPDH expression. The levels of RUNX2 and
ALP protein expressions were determined relative to GAPDH (Santa
Cruz, sc-365062, 37 kDa) as an internal control using a chemilumi-
nescent imaging system.

IGNP tagging of recruited integrin
For the examination of stem cell integrin β1 recruitment to the inter-
connected ligand nodes depending on their tunable # inter-cluster
edges, IGNP tagging with analysis was performed. For their obvious
discrimination in SEM imaging from smaller GNPs (in the diameter of
20 nm) that act as the ligand nodes, homogeneous larger GNPs (in the
diameter of 40 nm) were used for IGNP tagging. To allow larger GNPs
for tagging stem cell integrins, they were first treated with a buffer
(1% BSA, and 0.1% Tween 20 added to 0.1M of 1,4 piperazine bis (2-
ethanosulfonic acid) (PIPES) buffer at pH 7.4) containing secondary
antibodies [goat anti-mouse (H+L) IgG (Abcam, ab6708)] under mild
shaking at 37 °C for 16 h.

The adherent stem cells on the materials of different groups were
washed with PIPES buffer, fixed in 4% PFA for 10min, and washed with
PBS. The fixed cells were then permeabilized with 0.5% Triton X-100,
blockedwith 1%BSA for 1 h, treatedwith integrinβ1 primary antibodies
at 37 °C for 1 h, and washed six times with 1% BSA. Consequent treat-
ment of the integrin β1 primary antibody-treated cells with secondary
antibody-conjugated IGNPs for 16 h allowed the IGNPs to bind to
integrin, thereby tagging it in the stem cells. The cells were then
washedwith PIPES buffer and fixedwith 2.5% glutaraldehyde for 7min.
To enhance the contrast for their clear visualization in SEM images, the
cellswere further treatedwith 1%osmiumtetroxide,washedwith PIPES
buffer, filtered with DI water, and dried at 37 °C for 1 h.

For the analysis of cellular integrins recruited to the inter-
connected ligand nodes depending on # inter-cluster edges, the
resulting IGNP-tagged stem cells were subjected to SEM imaging using
FEI TENEO VS and EDS mapping (for Fe element in nano-blocker core)
using an EDAX Octane Elect Super EDS System. Representative analysis
of the former enabled theprecise visualizationof the recruited stemcell
integrins to the ligand nodes on the materials, while the latter con-
firmed the presence and arrangement of the anisotropic nano-blockers
that alter # inter-cluster edges of interconnected ligand nodes. The
images of cells infiltrating under the elevated high-anisotropy nano-
blockers [“High aniso. (E.)”] confirmed that cells sense the ligand nodes
to be interconnected across the elevated anisotropic nano-blockers
(low polymer linker density), which escalates the overall # ligand inter-
cluster edges accessible by cells. For their clear identification in the
acquired images, stem cells and IGNPs were each colored green and
white, respectively. The average number of IGNPs-tagged integrin of
stem cells at the cell boundary was calculated per unit area (μm2).

In vivo stem cell regulation via time-resolved tuning of # ligand
inter-cluster edges
40 male BALB/c nude mice (8-week-old) were used in the investigation
of the effect of modulating # ligand inter-cluster edges on the focal
adhesion, mechanosensing, and following differentiation of stem cells
in vivo. Each mouse was first anesthetized via intraperitoneal injection
of 60 µL of mixture (alfaxan and rompun in 3:1 ratio) after which an
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incision was made on their backs, the prepared material implanted in a
subcutaneous pocket, and then sutured. The materials (12 × 12-mm2

glass) displaying reversibly tunable # inter-cluster edges of inter-
connected ligands were implanted into the subcutaneous pockets of
mice. For such implantation, tweezers were used to lift the sub-
cutaneous tissues and carefully implant the materials so that the
surface displaying reversibly tunable # inter-cluster edges of inter-
connected ligands would face upward. Stem cells (300 k hMSCs per the
implant)were then injectedonto the implantedmaterial surface and the
mice were kept anesthetized for 6 h to immobilize them to ensure
stable adherenceof the stemcells to thematerialswithout anybreakage
and leakage. A piece of permanentmagnet (295mT)was coupled to the
backs of the mice using a bandage to elevate high-anisotropy nano-
blockers [“High aniso. (E.)”] in vivo. The coupling and uncoupling were
either switched or maintained after 3 h (“NE.-NE.”, “NE.-E.”, “E.-NE.”, and
“E.-E.”). After implantation for 6 h, the mice were sacrificed and the
implants were retrieved by carefully opening up the suture with oper-
ating scissors and picking up the materials using tweezers, followed by
washing with PBS three times for the fluorescent immunostaining ana-
lysis of confirming adherent stem cells [human-specific nuclei antigen
(HuNu)], focal adhesion, mechanosensing, and their following differ-
entiation. The implants were also retrieved after 24h for SEM imaging
to validate in vivopreservation of the anisotropic nano-blockers and the
liganded GNPs on the material surfaces after remote tuning of # inter-
cluster edges of the interconnected ligands.

Local and systemic toxicity evaluation of the materials display-
ing reversibly tunable # ligand inter-cluster edges
For the assessment of the local and systemic toxicity, histological
analysis was conducted on subcutaneous tissue collected near the
implanted site and the major organs (liver, heart, spleen, and kidney)
of themice before and 7 d after implantation. The collected tissues and
organs were first fixed in 4% PFA for 2 d and then washed three times
with DI water. Before being embedded in paraffin at 62 °C for 16 h, the
samples were sequentially dehydrated with increasing concentrations
of ethanol (50%, 75%, 90%, 95%, and 100%) for 1 h each. After embed-
ding, a HistoCore Multicut microtome from Leica RM2125 RTS Bio-
system was used to cut the samples into 6μm-thick sections for
mounting onto glass slides. The sections were deparaffinized and
rehydrated, then stained with hematoxylin and eosin (H&E) for the
visualization of cellular structures within the extracellular matrix in
tissues and organs. Nikon Eclipse Ts2 optical microscopy was used to
examine the stained samples. The results showed that the materials
displaying reversibly tunable # ligand inter-cluster edges inflicted
inappreciable local and systemic toxicity.

Statistics and reproducibility
The results reported in this study were validated by independently
repeating all experiments at least three times to ensure the production
of consistent datasets. The computation of the data was performed
using GraphPad Prism software (version 8.0.2). One-way analysis of
variance (ANOVA) along with the Tukey–Kramer post hoc test is used
to comparemultiple groups and determine statistical significance. The
level of significance is indicated by asterisks next to the p-values
(*p <0.05, **p < 0.01, and ***p < 0.001). The number of replicates in
each experiment is represented by the “n” value.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data generated in this study are provided in the Supplementary
Information. Source data are provided with this paper.

Code availability
The code to establish the edges between ligand nodes (Delaunay tri-
angulation) and partition the ligand network models into clusters
(Louvain algorithm) is available at https://github.com/NayeonKang222/
Kanglab2024-Ligand-Inter-Nanocluster-Connectivity-publish.
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