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Microtopography-induced changes in cell
nucleus morphology enhance bone
regeneration by modulating the cellular
secretome

Xinlong Wang 1,2,3, Yiming Li 4, Zitong Lin4, Indira Pla 5, Raju Gajjela5,
Basil Baby Mattamana5, Maya Joshi 1, Yugang Liu 1,2, Huifeng Wang1,2,
Amy B. Zun1,2, Hao Wang6, Ching-Man Wai7, Vasundhara Agrawal 2,8,
CodyL.Dunton2,8,ChongwenDuan1,2, Bin Jiang 1,2,3,9, VadimBackman 1,2,3,8,10,
Tong-Chuan He1,6, Russell R. Reid1,11, Yuan Luo 3,4,12,13 &
Guillermo A. Ameer 1,2,3,8,9,12,14

Nuclearmorphology plays a critical role in regulating gene expression and cell
functions. While most research has focused on the direct effects of nuclear
morphology on cell fate, its impact on the cell secretome and surrounding
cells remains largely unexplored. In this study, we fabricate implants with a
micropillar topography using methacrylated poly(octamethylene citrate)/
hydroxyapatite (mPOC/HA) composites to investigate how micropillar-
induced nuclear deformation influences cell secretome for osteogenesis and
cranial bone regeneration. In vitro, cells with deformed nuclei show enhanced
secretion of proteins that support extracellular matrix (ECM) organization,
which promotes osteogenic differentiation in neighboring mesenchymal
stromal cells (MSCs). In a femalemousemodelwith critical-size cranial defects,
nuclear-deformed MSCs on micropillar mPOC/HA implants elevate Col1a2
expression, contributing to bone matrix formation, and drive cell differentia-
tion toward osteogenic progenitor cells. These findings indicate that micro-
pillars modulate the secretome of hMSCs, thereby influencing the fate of
surrounding cells through matricrine effects.

The nucleus is a dynamic organelle that changes its morphology in
response to the cell’s status1. Its morphology has a critical influence on
nuclear mechanics, chromatin organization, gene expression, cell
functionality and disease development2–5. Abnormal nuclear morphol-
ogies, such as invagination and blebbing, have functional implications
in several human disorders, including cancer, accelerated aging, thyr-
oid disorders, and different types of neuro-muscular diseases6,7. In
addition, severe nuclear deformation is also observed during tissue
development, cell migration, proliferation, and differentiation2.

To manipulate nuclear morphology, various biophysical tools
have been developed, including atomic force microscopy (AFM)
nanoindentation, optical, magnetic, and acoustic tweezers, micro-
fluidic devices, micropipette aspiration, plate compression, substrate
deformation, and surface topography modulation, referred to as
microtopography engineering8–15. Among these methods, micro-
topography engineering of materials is can be readily applicable to
implantable medical devices and has broad implications for regen-
erative engineering. One commonly used approach is the fabrication
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of pillar structures, which are employed to deform cell nuclei and
study nuclear properties such asmechanics and deformability16. These
micropillar designs have been utilized to manipulate various cell
functions, including migration, adhesion, proliferation, and
differentiation17–20. A design featuring 5 × 5μm²micropillars with 5μm
spacing has been shown to significantly enhance the osteogenic dif-
ferentiation of MSCs, highlighting the considerable potential of sur-
face engineering for advancing bone regeneration20,21.

A wide range of materials can be used to create micropillar
structures, such as poly-L-lactic acid (PLLA), poly(lactide-co-glycolide)
(PLGA), OrmoComp (an organic-inorganic hybrid polymer), and
methacrylated poly(octamethylene citrate) (mPOC)20–23. Among these
options, mPOC is particularly suitable for bone regeneration due to its
major component, citrate, which acts as a metabolic factor to enhance
the osteogenesis of mesenchymal stromal cells (MSCs)24. Additionally,
a series of products made from citrate-based biomaterials (CBBs),
including Citrelock, Citrefix, and Citregraft, have been cleared by the
FDA for musculoskeletal regeneration in patients, further demon-
strating the clinical efficacy of CBBs. Implantation of mPOC micro-
pillars in a mouse cranial defect model demonstrated its bone
regenerative potential in vivo21. However, the volume of regenerated
bone remains limited, highlighting the need for further development
of implant to enhance the efficacy of bone regeneration. More
importantly, themajority of thenewbonedoes not directly contact the
implants; instead, it forms with a noticeable gap between the implant
and the regenerated tissue. This observation inspired us to consider
that nuclear deformation on micropillar implants may influence sur-
rounding cells through the modulation of their secretomes.

Bioactive molecules secreted by cells are crucial for intercellular
communication, affecting various biological processes such as
inflammation, cell survival, differentiation, and tissue regeneration25,26.
The success ofmany cell and exosome-based therapies dependson the
cellular secretome27, which can be modulated by surface topography.
For example, surfaces featuring grooves, roughness, or spiral patterns
have been shown to influence the secretory profile of MSCs, primarily
affecting immune regulation28. Additionally, the cytokine secretion
profile of stromal cells, including MSCs and kidney-derived perivas-
cular stromal cells (kPSCs), is closely linked to cell morphology, which
is regulated by the unique surface structures29. Despite reports high-
lighting the influence of surface topography on secretion, the impact
of nuclear morphogenesis, regulated by topography, on cellular
secretion remains unclear. Additionally, in vivo testing of regeneration
is necessary to advance the clinical application of surface engineering.

Hydroxyapatite (HA) is a naturally occurring mineral form of cal-
cium apatite, widely utilized in bone regeneration due to its excep-
tional biocompatibility, osteoconductivity, and structural similarity to
themineral component of bone30. The incorporation ofHAwithmPOC
potentially combines the advantages of both materials in bone repair,
thereby enhancing bone formation and offering a promising clinical
option for future orthopedic implants. In this study, we fabricate
micropillars to manipulate nuclear morphology and investigate their
effects on the secretome of human mesenchymal stromal cells
(hMSCs), as well as test their regenerative efficacy for bone tissue
in vivo. Our results show that mPOC/HA micropillars facilitate osteo-
genic differentiation of hMSCs compared to flat mPOC/HA samples
in vitro. Secretome analysis reveals that hMSCs with deformed nuclei
exhibite higher expression levels of bioactive factors associated with
extracellular matrix (ECM) components and organization, as well as
ossification. In vivo, both mPOC/HA flat and micropillar scaffolds
seeded with hMSCs result in new bone formation; however, the
micropillar groupdemonstrates significantly greater newbone volume
and regenerated tissue thickness. Spatial transcriptomic analysis fur-
ther confirms elevated expression of genes related to the regulation of
ECM structures, consistent with the secretome analysis results. These
findings suggest that the influence of nuclear deformation on the

osteogenesis of hMSCs operates through similar mechanisms in both
in vitro and in vivo environments. Therefore, using microtopography
engineering of scaffolds to control nuclear morphology and materials
science approaches to mimic native bone composition is a promising
approach to enhance bone regeneration.

Results
Influence of micropillar structures on physical and chemical
properties of mPOC/HA implants
mPOCprepolymerwas synthesized according to our previous report31,
and its successful synthesis was confirmed via the nuclear magnetic
resonance (1H NMR) spectrum (Supplementary Fig. 1a–c). The size of
HA nanoparticles is around 100 nm, as characterized by dynamic light
scattering (DLS) (Supplementary Fig. 1d). Tomimic the nature of bone
composition32, 60% (w/w) HA was mixed with mPOC, and the slurry
was used to fabricate flat andmicropillar implants using a combination
of UV lithography and the contact printing method (Fig. 1a). The
square micropillars, with dimensions of 5 by 5 in side length and spa-
cing, were fabricated (Fig. 1b). The height of the micropillars is around
8μm, which can cause significant nuclear deformation (Fig. 1c, d)22.
Fourier transform infrared (FTIR) spectrum shows a similar typical
peak of functional groups in mPOC and mPOC/HA implants (Supple-
mentary Fig. 1e). The surface roughness of the implants was scanned
using an atomic force microscope (AFM) (Fig. 1e). The analysis result
indicates that the topography didn’t affect the surface roughness of
the implants (Fig. 1f). Additionally, we tested the hydrophilicity of flat
and micropillar implants via water contact angle measurement (Sup-
plementary Fig. 2). Although, at the initial state, the flat surface was
more hydrophilic, there was no significant difference in the water
contact angle after a 5-minute stabilization process.

The mechanical properties of the implants were tested using the
nano-indentation method. The force-indentation curve of the flat
sample has a sharper slope, indicating it is stiffer than the micropillar
sample (Supplementary Fig. 3a). The Young’s Modulus of the flat
sample (0.95 ± 0.12GPa) is significantly higher than that of the
micropillars (0.48 ± 0.02GPa) and the lateral modulus of the micro-
pillars (46.88 ± 1.49MPa) (Supplementary Fig. 3b, c). However, based
on a previous report, the highmodulus of the substrates is beyond the
threshold that cells can distinguish and does not have an influence on
nuclear morphology manipulation33,34. Accelerated degradation and
calcium release tests of the implants were performed in DPBS at 75 °C
with agitation35. There is a burst weight loss and calcium release of
bothflat andmicropillar samples at day 1, followedby a gradual change
until day 10, and another increase in the degradation and calcium
release rate from day 10 to 14 (Fig. 1g, h). The micropillar structure
enhanced the degradation and calcium release, but not significantly.
According to the images of the samples captured at different time
points, the initial burst degradation and calcium release can be
attributed to the fast surface erosion of both scaffolds, as many small
pores can be observed on their surfaces (Supplementary Fig. 4). From
day 10 to 14, scaffolds started break into pieces that may lead to
another burst degradation and calcium release (Fig. 1i). The micro-
pillars exhibited slight deformation in both the xy and z directions
after degradation, though the changes were not significant (Supple-
mentary Fig. 5). Additionally, the structures transformed fromoutward
convex to inward concave shapes.

Nuclear deformation facilitates osteogenic differentiation
of hMSCs
hMSCs were cultured on the flat and micropillar mPOC/HA surfaces
in osteogenic medium and stained for F-actin and nuclei after 3 days
(Fig. 2a). Noticeable deformation in both the nucleus and cytoske-
leton was observed, consistent with mPOC micropillars21. The
Nuclear shape index (NSI) was calculated to assess the degree of
nuclear deformation22. A significantly lower NSI value, indicating
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more severe deformation, was found in the micropillar group
(Fig. 2b). Confocal images were then employed to evaluate the 3D
geometry of cell nuclei (Fig. 2c). 3D reconstruction analysis revealed
that several geometric parameters, including nuclear volume, sur-
face area, and project area, were significantly decreased on micro-
pillars, while nuclear height was significantly increased (Fig. 2d and
Supplementary Fig. 4).

We then investigated the impact of micropillars on cell adhesion,
a crucial aspect for manipulating cell function36. Initial cell attachment
tests revealed that the micropillar structure did not influence cell
attachment on the implants (Fig. 2e). SEM imaging of cell adhesion
demonstrated that cells formed lamellipodia on flat surfaces but
exhibited more retraction fibers on micropillars (Fig. 2f). The retrac-
tion fibers were observed on the top, side, and bottom of micropillars,
indicating that cells were sensing the 2.5D environment using these
antennae-like structures17. Themajority of cells were found to be viable
on both flat and micropillar substrates, as evidenced by live/dead
staining (Fig. 2g and Supplementary Fig. 5). While the micropillars

reduced cell metabolic activity (Fig. 2h), there was no significant
impact on cell proliferation after 3 days of culture (Fig. 2i).

To assess the impact of mPOC/HA micropillars on the osteogen-
esis of hMSCs, we stained ALP (alkaline phosphate) on substrates with
both flat and micropillar structures (Fig. 2j). Quantification results
demonstrated a significant increase in ALP activity on the micropillars
(Fig. 2k). Furthermore, additional osteogenic differentiation markers
of hMSCs, including RUNX2 and osteocalcin (OCN), were quantified
through western blot analysis (Fig. 2l). The quantification of these
proteins revealed a significant increase in bothRUNX2andOCN in cells
onmicropillars, confirming that the structures can effectively promote
the osteogenic differentiation of hMSCs (Fig. 2m, n)20–22.

Micropillars modulate the secretome of hMSCs that regulate
extracellular matrix formation
Previously, we demonstrated the ability of micropillar implants to
enhance in vivo bone formation21. However, the newly formed bone
was not in close contact with the implant. Consequently, we
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Fig. 1 | Fabrication of surface-engineered mPOC/HA implants. a Illustration
shows the combination of UV lithography and contact printing to fabricate free-
standing mPOC/HAmicropillars. b SEM image shows the micropillar structures made
of mPOC/HA. c Optical microscope image and d cross-section analysis of mPOC/HA
micropillars. e Surface scanning of flat and micropillar implants by AFM. f Surface
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biological replicates. g Degradation test and h calcium release of flat and micropillar
mPOC/HA implants. N.S., no significant difference, n=4 biological replicates, insert
plot shows the initial release of calcium within 24h. i. Representative images of flat
and micropillar implants at different time points after accelerated degradation. Data
are presented as mean±SD. Values from two groups were compared using a non-
paired Student’s t-test (two-sided). Source data is provided as a Source Data file.
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hypothesized that nuclear deformation on micropillars might impact
cellular secretion, thereby influencing osteogenesis through the
secretome. To test this hypothesis, secretome analysis was conducted
usingmedium collected from flat andmicropillar samples. Differences
in protein secretion levels between the two groups were depicted
through a volcano plot, revealing a significant influence of nuclear
deformation on the secretome (Fig. 3a, b).Gene ontology (GO) analysis
was performed to annotate the significantly altered proteins in rele-
vant processes37. Top changes in cellular component, molecular
functions, biological processes, and biological pathways indicated that
micropillars predominantly affected extracellular matrix (ECM)-rela-
ted processes (Fig. 3c and Supplementary Figs. 8–10). Moreover,
ossification and collagen fibril organization were identified as biolo-
gical processes significantly overrepresented by differentially expres-
sed proteins (Fig. 3d). The heatmap plot of proteins associated with
collagen-containing extracellular matrix and ossification showed pre-
dominant upregulation on micropillars (Fig. 3e). The linkages of pro-
teins and GO terms in biological process highlighted that ECM
organization forms the largest cluster and is closely associatedwith the
ossification process (Fig. 3f).

Reactome pathway analysis was further conducted to assess
potential downstream effects of secretome changes on micropillars38.
Results indicated that pathways related to ECM organization, ECM
proteoglycans, and collagen fibril crosslinking were among the top 15
pathways significantly overrepresented by differential expressed

pathways (DEP), predominantly showing upregulation (Fig. 3g and
Supplementary Fig. 11). We also noticed an upregulation in the
degradation of the ECM on micropillars, indicating enhanced ECM
remodeling which a crucial factor for tissue regeneration39. These
findings suggest that micropillars can influence the ECM formation of
hMSCs through matricrine effects. Additionally, we performed pro-
teomic analysis using cells cultured on flat and micropillar mPOC/HA
scaffolds (Supplementary Fig. 12). PCA and volcano plots indicated
significant influences of nuclear deformation on protein expression.
Pathway analysis revealed significant changes in many cell
proliferation-related processes, consistent with previous tran-
scriptomic tests on micropillars21.

Nuclear deformed cells facilitate osteogenic differentiation of
undeformed cells by affecting ECM
Since the micropillar surfaces can modulate the secretome of hMSCs,
we investigated whether the deformed cells could influence the
osteogenic differentiation of undeformed cells using a transwell assay
(Fig. 4a). The flat andmicropillarmPOC/HA surfaces were fabricated at
the bottom of cell culture plates to manipulate the nuclear morphol-
ogy of hMSCs, while undeformed hMSCs were seeded on a transwell
membrane with 400nm nanopores, allowing the exchange of growth
factors. After cell attachment, all samples were cultured in osteogenic
induction medium. ALP staining of the cells on the transwell mem-
brane showed a higher number of ALP-positive cells when co-cultured
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with nuclear-deformed cells, indicating enhanced osteogenic differ-
entiation (Fig. 4b, c). Additionally, Alizarin Red S (ARS) staining con-
firmed increased calcium deposition—a key step in osteogenesis—
when the cells were cultured above the micropillar-treated cells
(Fig. 4d, e). Based on the secretome analysis, hMSCs on micropillars
appear to promote osteogenesis in the transwell culture by secreting
proteins that enhance ECM structure and organization. Collagen
staining revealed higher coverage, stronger staining intensity,

and more interconnected collagen network structures in the transwell
co-cultured with micropillar-treated cells (Fig. 4f, g). In addition,
energy dispersive X-ray spectroscopy (EDS) images showed more Ca
and P deposition in the transwell co-cultured with micropillar-treated
cells (Fig. 4h). Together with the secretome analysis, these findings
suggest that the proteins secreted by cells with deformed nuclei
improve ECM organization in undeformed cells, thereby promoting
osteogenesis.
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mPOC/HAmicropillar implant promotes bone formation in vivo
To test the in vivo regeneration efficacy of mPOC/HA scaffolds, we
created a critical size cranial defect model in nude mice. Two 4mm
diameter critical defects were made on the left and right sides of the
skull tissue for the implantation of flat and micropillar scaffolds,
respectively (Fig. 5a). The scaffoldswere seededwith hMSCs for 24 h to
allow for cell attachment and nuclear deformation (Fig. 5b). After
12 weeks, micro CT was performed to evaluate the bone formation in
the living animals. Based on the images, newly formed bone can be
observed in the defect area with both flat and micropillar mPOC/HA
implants (Fig. 5c and Supplementary Fig. 11). Furthermore, larger bone
segments were observed with the micropillar implant treatment.
Quantification results confirmed a significantly increased bone volume
with micropillar implant treatment (Fig. 5d).

Histology analysis was further performed to evaluate the influ-
ences of flat andmicropillarmPOC/HA implants on bone regeneration.

Trichrome staining images revealed that defects treated with micro-
pillar implants exhibited more osteoid tissue (Fig. 5e and Supple-
mentary Fig. 12). Moreover, both flat and micropillar mPOC/HA
implants showed evidence of newly formed bone tissue, indicating
enhanced bone regeneration compared to the mPOC alone scaffold.
As no bone segmentwas observedwith flatmPOC implant treatment21.
The thickness of the regenerated tissue was quantified, and the results
demonstrated a significant enhancement with micropillar implant
treatment (Fig. 5f). Positive stainingof osteogenesismarkers, including
osteopontin (OPN) and osteocalcin (OCN), was observed throughout
the regenerated tissues with both flat and micropillar implants, indi-
cating osteoid tissue formation (Fig. 5g, h). The tissue appeared more
compact in the micropillar group compared to the flat group. Fur-
thermore, regeneratedbone segmentsweremore frequently observed
with micropillar implant treatment. It has been reported that athymic
nude mice retain an innate immune system, including macrophages,

Fig. 3 | Secretome of hMSCs on flat and micropillar mPOC/HA surfaces. a PCA
plot of differentially expressedproteins secreted byhMSCs onflat andmicropillars.
Cyan: flat; Red: micropillar. b Volcano plot of proteins secreted by hMSCs seeded
on micropillars compared to the flat surface. Blue and orange dots indicate sig-
nificantly downregulated and upregulated proteins secreted by cells on micro-
pillars compared to those on flat surface. Grey dots indicate non-significantly
changed proteins. A threshold of expression greater than 2 times fold-change with
p <0.05 was considered to be significant (non-paired Student’s t-test (two-sided)).
Proteins that are related with collagen-ECM pathways are labeled. c Top 4 sig-
nificantly enriched GO terms and Pathways identified through over-representation

analysis using the one-sided Fisher’s exact test. Significance was determined based
on adjusted p-values < 0.05 (FDR < 5%, Benjamini-Hochberg). ***p <0.001.d The
most significantly enriched Biological Processes (one-sided Fisher’s exact test,
adjusted p-values < 0.05 (FDR < 5%, Benjamini-Hochberg)). e Heatmap of proteins
that are related to collagen-containing extracellular matrix and ossification. F
indicates flat samples and P indicates pillar samples, n = 3 biological replicates for
each group. f The linkages of proteins and GO terms in biological processes related
to collagen fibers, ECM, and ossification as a network. g Heatmap of the top 15
enriched terms plotted based on Reactome pathway analysis. Source data are
provided as a Source Data file.

Fig. 4 | The paracrine effect of cells with/without nuclear deformation tested
through transwell assay. a Schematic illustration of the experiment setup. b ALP
staining and (c). quantification of ALP-positive cells on transwell membrane incu-
bated with undeformed and deformed MSCs (n = 3 biological replicates). d ARS
staining and e. quantification of cells on transwell membrane incubated with
undeformed and deformed MSCs (n = 6 biological replicates). (f) Immuno-
fluorescence staining images of collagen in the ECM of cells on the transwell

membrane incubated with undeformed and deformed MSCs. g The coverage of
collagenwas analyzed according to the staining images (n = 4biological replicates).
h EDS images showing Ca, P, and SEM images of cells on the transwell membrane
incubatedwith undeformed and deformedMSCs. Data are presented asmean ± SD.
Values from two groups were compared using a non-paired Student’s t-test (two-
sided). Source data is provided as a Source Data file.
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which contribute to bone regeneration40. Therefore, we further
assessed macrophage activation in the regenerated tissue by staining
for three markers: F4/80 (a pan-macrophage marker), CD86 (an M1
macrophage marker), and CD163 (an M2 macrophage marker), to
evaluate macrophage polarization (Supplementary Fig. 15)35. The
results indicate a slight increase in overall macrophage expression and
a decrease in the M1/M2 ratio; however, these changes were not sta-
tistically significant.

Micropillar implants facilitated bone regeneration in vivo via
regulation of ECM organization and stem cell differentiation
Histological analyses showed more new bone formation with micro-
pillar implants, although the new bone tissue did not directly interact
with the micropillar surfaces. To further investigate the transcription
profile of the regenerated tissue,weperformed spatial transcriptomics
(ST) analyses with both flat and pillar samples (Supplementary Fig. 16).

ST represents a powerful tool to investigate the cellular environment
and tissue organization by providing a detailed map of gene expres-
sion within the native tissue context41. Differential gene expression
(DGE) analysis revealed changes in expression levels between the two
groups. Although only a few genes showed significant differences, all
of themwere related to ECMstructureor organization (Supplementary
Fig. 16). Notably, the expression of Col1a2, critical for type I collagen
formation (comprising 90% of the bone matrix), was enhanced in the
micropillar group (Fig. 6a). This expression showed a gradient,
increasing toward the dura layer, possibly due to the osteogenic con-
tribution ofdura cells42.We then plotted a heatmap showing the top 10
up-regulated anddown-regulated differentially expressed genes (pillar
vs. flat) in comparison with those in native skull bone (Fig. 6b). The
heatmap indicated that the tissue regenerated with micropillar
implants had expression patterns more similar to native skull bone
than the flat group. Gene Ontology (GO) analysis of DGEs was further

Fig. 5 | mPOC/HA micropillar implant promotes bone regeneration in vivo.
a Image shows implantation of hMSC seeded flat and micropillar mPOC/HA scaf-
folds. b Staining images of nuclei (green) and F-actin (red) of cells on the implants.
c Representative μCT images of a typical animal implanted with hMSC-seeded flat
(left) and micropillar (right) scaffolds at 12-weeks post-surgery. d Regenerated
bone volume in the defect region (n = 5 animals). e Trichrome staining of the

defect tissue treated with flat and micropillar implants. f Average thickness of
regenerated tissues with implantation of flat and micropillar scaffolds (n = 5 ani-
mals). IHC staining of osteogenicmarker, gOPN and h. OCN, in regenerated tissues
with flat and micropillar implants. Data are presented as mean ± SD. Values from
two groups were compared using non-paired Student’s t-test (two-sided). Source
data is provided as a Source Data file.
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performed to annotate their relevant biological processes (Fig. 6c).
Protein localization to extracellularmatrix and crosslinking of collagen
fibrils were among the top 5 up-regulated processes in the micropillar
group. These results are consistent with the secretome test, all indi-
cating that micropillar structures can influence ECM organization via
matricrine effects.

To further investigate the relationship between cell type compo-
sition and the regenerated tissues, we performed cellular deconvolu-
tion on the ST data using single-cell RNA sequencing (scRNA-seq)
references from previously published studies43–45. Several major cell
lineages involved in bone regeneration were considered when
deconvoluting the data (Fig. 6d). The most abundant cell type in
regenerated tissues was late mesenchymal progenitor cells (LMPs),
followed by MSCs and fibroblasts (Fig. 6e). There were also small
proportions ofMSC-descendant osteolineage cells (OLCs), osteocytes,
osteoblasts, and chondrocytes. LMPs are identified as the late stage of

MSCs through osteogenic differentiation43,46. Among all cell types, the
proportion of LMPs, which have high expression of marker genes
associated with osteoblasts, was significantly increased in regenerated
tissues with micropillar implants, indicating that these deformed cells
facilitate the differentiation of MSCs toward the osteolineage (Fig. 6f).
Additionally, GO analysis of DGEs (LMP versus other cell types) was
performed to investigate the roles of LMPs in regenerated tissue. The
results suggest that LMPs do not directly contribute to osteogenesis, a
role performedbyosteoblasts andosteocytes. Instead, LMPs can affect
ECM formation, as the process of extracellular matrix organization is
one of the top involved pathways (Fig. 6g).

Discussion
Micropillars, as a typical topographical feature, have been extensively
studied for their ability to regulate cell functions. Recent studies have
shown that rigid micropillars can deform nuclear morphology, which

Fig. 6 | Spatial transcriptomic analysis of tissues regenerated with flat and
micropillar implants. a Spatial plot of Col1a2 expression profile in tissues regen-
erated with flat mPOC/HA implant and micropillar mPOC/HA implant. Arrow indi-
cates enhanced expression around dura layer. b The heatmap showing the top ten
up- and down-regulated DEGs (pillar vs flat) in tissues regenerated with flat mPOC/
HA implant,micropillarmPOC/HA implant, and native skull tissue. cGeneOntology
analysis results based on the top 100 up-regulated genes (pillar vs flat). The results
are colored byq, false-discovery-rate-adjustedp-value.dDeconvolutedcell types in
each spatial capture location in flat and micropillar groups. Each pie chart shows
the deconvoluted cell type proportions of the capture location. e Bar plots of the
cell type proportions in tissues regenerated with flat mPOC/HA implant and

micropillar mPOC/HA implant. LMPs, MSCs, and fibroblasts are the predominant
cell types. f Violin plot of the proportion of LMPs in flat (100 capture locations) and
micropillar (69 capture locations) groups. The boxplots display medians and
quartiles, withwhiskers extending to 1.5 times the interquartile range, and the violin
plot outlines represent the kernel probability density. The p-value from a two-sided
Wilcoxon rank-sum test is shown. g Top enriched processes associated with LMP
compared with other cell lineages. LMP: late mesenchymal progenitor cells; MSC:
mesenchymal stromal cells; OLC: MSC-descendant osteolineage cells. The results
are colored by q, false-discovery-rate-adjusted p-value. Source data are provided as
a Source Data file.
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in turn promotes the osteogenic differentiation of mesenchymal
stromal cells (MSCs), generating significant interest for bone regen-
eration applications20,22. Our previous work demonstrated that mPOC
micropillars enhanced bone regeneration in a mouse cranial defect
model21. The mPOC, a citrate-based biomaterial (CBB), is an excellent
candidate for bone regeneration because citrate, an important organic
component of bone, plays key roles in skeletal development and bone
healing by influencing bone matrix formation and the metabolism of
bone-related cells47. In this study, hydroxyapatite (HA) was incorpo-
rated into mPOC to further enhance its regenerative potential, lever-
aging HA’s well-known osteoconductive properties48. A 60% HA
content was used to fabricate the implant, mimicking the composition
of native bone49. Both in vitro and in vivo experiments confirmed that
the addition of HA significantly improved bone regeneration com-
pared to mPOC alone21. Moreover, several products made from CBB/
HA composites have recently received FDA clearance, highlighting the
promising clinical potential of mPOC/HA micropillars for bone
regeneration applications50.

Pillar structures, a common topographic cue, have been exten-
sively used to study various cell behaviors, including migration,
mechanics, engulfment, proliferation, and differentiation19,22,51–53.
Depending on the material properties and pattern design, cells may
either reside on top of or between the pillar structures, and in some
cases, the pillars can even penetrate through the cells17,34. In this study,
due to the stiffness anddesignof themPOC/HAmicropillars, the nuclei
predominantly settle between the micropillars and adopt shapes such
as ‘T’ or ‘X’. Following accelerated degradation, the micropillars
showed slight morphological changes but remained effective in
inducing nuclear deformation. The slow degradation may account for
theminimal differences inweight loss and calcium release between flat
and pillar implants, despite the overall increase in surface area of the
micropillars. Based on our previous study, the restricted cell spreading
on micropillars may limit the impact of the increased surface area, as
the expression of vinculin remained similaronbothflat andmicropillar
surfaces21.

Despite recent intensive investigations into nuclear morphogen-
esis, little is known about its influence on cellular secretion, which can
regulate neighboring cells and is critical for regenerative engineering.
Previous studies have shown that nuclear mechanotransduction, acti-
vated by substrate stiffening or cellular compression, can impact cell
secretions that regulate changes in the osteolineage phenotype54–56.
Here, we found that cells with deformed nuclei exhibited higher
expression levels of ECM components and binding proteins that sup-
port collagen-enriched ECMorganization. Thismay be relatedwith the
changes of chromatin packing induced by nuclear deformation21.
Additionally, soluble proteins secreted by these deformed cells were
able to diffuse and modulate ECM secretion and organization in
neighboring cells, as demonstrated by a transwell assay. The ECM is a
complex, dynamic environment with tightly regulatedmechanical and
biochemical properties that affect essential cell functions, including
adhesion, proliferation, and differentiation57. ECM fiber alignment
increases local matrix stiffness, which promotes higher force genera-
tion and increases cell stiffness, creating a positive feedback loop
between cells and the matrix58. Furthermore, the organized ECM
enhances calcium recruitment and accelerates mineralization, con-
tributing to effective bone regeneration.

Implantation of the flat and micropillar mPOC/HA scaffolds see-
ded with MSCs resulted in larger new bone volume formation in vivo
compared to previous studies using mPOC alone, a finding likely due
to the osteoconductive properties of HA. Compared to flat implants,
mPOC/HA micropillars promoted bone formation and the expression
of osteogenic markers in regenerated tissues, consistent with the
results observed formPOCscaffolds21. This result suggests that nuclear
deformation induced by the micropillars can enhance bone

regeneration, regardless of the implant material, provided it is not
toxic. This could be attributed to the osteogenic differentiation of cells
in direct contact with themicropillars, as well as their secretion, which
promotes ECM protein expression. Histological staining further sup-
ports this, showing a thicker layer of collagen-enriched regenerated
tissue in the presence of the micropillar implant, consistent with the
secretome results. Macrophage activation showed a slight, though not
statistically significant, difference between the two groups. Given the
compromised immune response in athymic nude mice, additional
testing in normal mice may be necessary to fully assess the impact of
micropillar implants on immune modulation.

ST analysis revealed a significant upregulation of genes encoding
cartilage oligomericmatrix protein (COMP) and fibromodulin (FMOD)
in themicropillar group, consistentwith the secretome analysis. COMP
binds to matrix proteins like collagen, enhancing ECM organization
and assembly59. As an ECMprotein, COMP also promotes osteogenesis
by binding to bone morphogenetic protein 2 (BMP-2), increasing its
local concentration and boosting its biological activity60. FMOD, with a
strong affinity for the HAmatrix, helps attenuate osteoclast precursor
maturation, thereby influencing osteoblast–osteoclast crosstalk61.
These results suggest that nuclear deformation induced by micro-
pillars may promote osteogenesis in neighboring cells via matrricrine
effects.

Despite the enhanced bone regeneration observed, mPOC/HA
implants did not achieve complete healing of the cranial defect, likely
due to the limited interaction surfaceof thefilm scaffold. The influence
of the implants, whether through direct chromatin reprogramming
guidance or secretome activity, was restricted to cells at the tissue-
scaffold interface. Future efforts should focus on the design and fab-
rication of 3D micropillar implants using additive manufacturing and
composite materials to create a more comprehensive 3D cellular
microenvironment that promotes bone regeneration. Additionally, the
application of micropillars as a platform for delivering bioactive fac-
tors could be explored as a strategy to achieve complete cranial bone
healing.

In summary, we investigated the effects of nuclear deformation
on the cellular secretome using micropillar implants fabricated from
an mPOC/HA composite. The mPOC/HA micropillars demonstrated
similar properties to a flat substrate in terms of roughness and
degradation but had a substantial impact on cellular and nuclear
morphology, cell adhesion, cytoskeletal development, and osteogenic
differentiation in hMSCs. Nuclear-deformed cells showed increased
secretion of proteins and RNA transcriptions that regulate ECM com-
ponents and organization, promoting osteogenesis in neighboring
cells both in vitro and in vivo. These findings suggest that micro-
topography engineering of implants holds significant promise for
enhancing bone regeneration. This study offers valuable insights for
the future design and fabrication of bioactive implants for regen-
erative engineering and regenerative medicine applications.

Methods
Synthesis and characterization of mPOC pre-polymer
The mPOC pre-polymer were synthesized according to a previous
report31. Briefly, the POC pre-polymer was firstly synthesized by reac-
tion of equal molar of citric acid (Sigma-Aldrich, 251275) and 1,8-
octandiol (Sigma-Aldrich, O3303) at 140 °C oil bath for 60min. The
product was then purified by precipitation in DI water. After lyophili-
zation, 66 g POC pre-polymer was dissolved in 540ml tetrahydrofuran
(THF) and reacted with 0.036mol imidazole (Sigma-Aldrich, I2399)
and 0.4mol glycidyl methacrylate (Sigma-Aldrich, 151238) at 60 °C for
6 h. Thefinalproductwas thenpurifiedbyprecipitation inDIwater and
lyophilized for storage at −20 °C. Successful synthesis of mPOC pre-
polymer was characterized using proton nuclear magnetic resonance
(1H-NMR, Bruker A600).
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Fabrication and characterization of mPOC/HA micropillar
scaffolds
SU-8micropillar structures (5 × 5 × 8 um3)were fabricated according to
our previous study21. PDMSmoldswere then fabricated to replicate the
inverted structures. HA nanoparticles (Sigma-Aldrich, 677418) were
mixed with mPOC pre-polymer at weight ratio of 6:4. The 60% HA was
selected tomimic composition of native bone62. Photo-initiator (5mg/
ml camphorquinone and ethyl 4-dimethylaminobenzoate) was added
to themPOC/HA slurry. Themixture was then added onto PDMSmold
and pressed onto cover glass to prepare free-standing scaffold under
exposure with laser (1W, 470 nm). Post-curing of the scaffold was
performed in 80 °C oven over night. The size of HA nanoparticles was
characterized using Dynamic Light Scattering (DLS). The topography
of micropillars was observed using scanning electron microscope
(SEM, FEI Quanta 650 ESEM) and characterized using 3D optical
microscope (Bruker). Surface roughness of flat and micropillar scaf-
folds was characterized using atomic force microscope (AFM, Bruker
ICON system). The water contact angle was tested using VCA Optima
XE system. The compressive modulus of the scaffolds was character-
ized using a Tribioindenter (Bruker). Based on a previous report63, the
lateral modulus of micropillars was calculated according to the fol-
lowing equations:

kL =
3EI

L3
ð1Þ

The ‘kL’ is the lateral stiffness, ‘E’ is themeasuredmodulus, ‘I’ is the
moment area of inertia, and ‘L’ is the micropillar height. For square
micropillars, ‘I’ can be described as:

I =
a4

12
ð2Þ

where ‘a’ is the side length of the micropillars. Thus, the lateral mod-
ulus of the micropillars ‘EL’ equals to:

EL =
KLL
A

ð3Þ

where ‘A’ is the cross-section area of micropillars.

Degradation and calcium release
To test the degradation of the mPOC/HA scaffold, the dry weight of
mPOC/HA scaffolds at day 0 was recorded as the initial weight. Then
the scaffolds weremerged in 1ml DPBS solution in 75 °C oven. At each
designed time point (1, 2, 3, 5, 7, 10 and 14 d), the scaffolds were rinsed
with DI water followed by drying at 60 °C. The weight was recorded to
calculate the weight loss percentage. The calcium release test was also
performed with 75 °C DPBS (no calcium, no magnesium). At the
designed time points, the elution solution was collected and replaced
with fresh DPBS (1ml). The released calcium was detected with
inductively coupled plasma mass spectrometry (ICP-MS, Thermo-
Fisher Element 2). Quantification of calcium (Ca) was accomplished
using ICP-MS of acid digested samples. Specifically, 100 uL of the PBS
elution was digested in 250 uL nitric acid (HNO3, >69%, Thermo Fisher
Scientific, Waltham, MA, USA) at 65 °C for 4 h. Ultra-pure H2O (18.2
MΩ∙cm) was then added to produce a final solution of 2.5% nitric acid
(v/v) in a total volume of 10mL. A quantitative standard was made
using a 1000 ug/mL Ca elemental standard (Inorganic Ventures,
Christiansburg, VA, USA) which was diluted to create a 1000 ng/g Ca
standard in 2.5% nitric acid (v/v) in a total sample volume of 50mL. A
solution of 2.5% nitric acid (v/v) was used as the calibration blank. ICP-
MS was performed on a computer-controlled (QTEGRA software)
Thermo iCapQ ICP-MS (Thermo Fisher Scientific, Waltham, MA, USA)
operating in KED mode and equipped with a ESI SC-2DX PrepFAST

autosampler (Omaha, NE, USA). Nickle skimmer and sample cones
were used from Thermo Scientific (part numbers 1311870 and
3600812). Internal standard was added inline using the prepFAST
system and consisted of 1 ng/mL of a mixed element solution con-
taining Bi, In, 6Li, Sc, Tb, Y (IV-ICPMS-71D from Inorganic Ventures).
Each sample was acquired using 1 survey run (10 sweeps) and 3 main
(peak jumping) runs (40 sweeps). The isotopes selected for analysis
were 44Ca and 45Sc (chosen as an internal standard for data interpola-
tion andmachine stability). Instrument performance is optimized daily
through autotuning followed by verification via a performance report
(passing manufacturer specifications). Accumulated calcium amount
was calculatedbasedon the sumof released calciumat each timepoint
measured by ICP-MS from the same sample.

Cell culture
Human mesenchymal stromal cells (hMSCs, PCS-500-012) were pur-
chased from the American Type Culture Collection (ATCC) and cul-
tured with the growth medium acquired from ATCC. hMSCs with the
passage 4-6 were seeded onto the flat and micropillar mPOC/HA sub-
strates. To test cell attachment, hMSCs were seeded at 5000 cells/cm2

and cultured for 3 h followed by PBS rinsing to remove unattached
cells. The attached cells were then trypsinized and collected for cell
counting. To check cellular and nuclear morphology, hMSCs were
seeded at 5000 cells/cm2 and cultured in growth medium for 1 d
before fixation.

Cell viability, metabolic activity, and proliferation
To check cell viability, hMSCs were seeded at 5000 cells/cm2 and
cultured in growthmedium for 3 d. Live/dead staining (ThermoFisher,
L3224) was performed to assess the viability of hMSCs on flat and
micropillar surfaces. Briefly, a mixture of 2 µM calcein AM and 4 µM
EthD-1 working solution was added to the cells and incubated for
30minutes at room temperature, followed by rinsing with PBS. The
cells were then imaged using a Nikon Eclipse Ti2microscope. TheMTT
assay (Thermo Fisher, V13154) was used to evaluate the metabolic
activity of the cells. Cells cultured on flat and micropillar surfaces in a
24-well plate were incubated with 500μL of 1.1mM MTT solution
(diluted inmedium) at 37 °C for 3 h. An emptywell without cells served
as the background reading. After incubation, 125μL of solution was
removed from each well, and 250μL of DMSO was added with thor-
ough mixing. After a 10-minute incubation at 37 °C, 50μL of the
solution from each well was transferred to a 96-well plate, and absor-
bance was measured at 540 nm using a Cytation 5 cell imaging multi-
mode reader (Biotek). The Picogreen assay (ThermoFisher, P7589)was
performed to assess cell proliferation according to themanufacturer’s
protocol. Briefly, a standard curve ranging from 10–1000ng/mL
dsDNAwas prepared to calculate DNA content in the samples. Cells on
flat and micropillar surfaces, fabricated in a 24-well plate, were lysed
using 200μL lysis solution (10mM Tris pH 8, 1mM EDTA, and 0.2%
Triton X-100). The solution was then diluted with TE buffer (10mM
Tris-HCl, 1mM EDTA, pH 7.5) to a final volume of 300μL. Next, 100μL
of the Quant-iT™ PicoGreen™ dsDNA Reagent working solution was
added to each sample. The samples were incubated for 5minutes at
room temperature, protected from light. Finally, 50μL of the final
solution from each well was transferred to a 96-well plate, and fluor-
escence was measured using the Cytation 5 (ex/em: 480/520). DNA
content in each sample was then calculated using the standard curve.

Nuclear morphology analysis
After one day of culture, the cells were fixed with 4% paraformalde-
hyde, and cell nuclei were stained using SYTOXTM Green (Thermo-
Fisher, S7020) according to themanufacture’s instruction. The nuclear
shape index (NSI) was analyzed to evaluate 2D nuclear deformation22.
The stained cells were then imaged using a confocalmicroscope (Leica
SP8) to acquire their 3D morphology. Cell nuclei were reconstructed
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using the Fiji ImageJ software (https://imagej.net/Fiji). Cell nuclear
volume, surface area, project area, height, and the ratio of surface area
to volume weremeasured using 3D objects counter plugin. More than
30 nuclei from 3 biological replicates were imaged and analyzed to
calculate the statistics.

Immunofluorescence and microscopy
F-actin fibers were stained according to previous report64. Briefly, cells
cultured on flat and micropillar surfaces were fixed with 4% paraf-
ormaldehyde and rinsed with PBS. The cells were then permeabilized
with 0.2% Triton X-100 and rinsed with PBS. Blocking was performed
using a 1% BSA solution. Cell nuclei were stained with 1μM SYTOX™
Green (Thermo Fisher, S7020), and F-actin was stained with Alexa
Fluor™ 594 conjugated phalloidin (Invitrogen, A12381, 1:40 dilution).
For collagen staining, cells were fixed, permeabilized, and blocked as
described above. They were then incubated overnight at 4 °C with an
anti-collagen antibody (Abcam, ab36064, 1:100 dilution). The follow-
ing day, after rinsingwith PBS, the sampleswere stainedwith goat anti-
rabbit IgG secondary antibody (Invitrogen, A11034, 1:1000 dilution)
and DAPI (1:1000 dilution) at room temperature for 1 h. After addi-
tional PBS rinsing, the samples were ready for imaging. All immuno-
fluorescent images were acquired using a Nikon Eclipse Ti2
microscope.

Scanning electron microscope
To visualize cell adhesion onmPOC/HA scaffolds, cells were fixed with
3% glutaraldehyde (Electron Microscopy Sciences) and rinsed with DI
water. Subsequently, the cells underwent dehydration using a series of
ethanol concentrations (30%, 50%, 70%,90%, and 100%) for 5min each,
followedbydrying using a critical point dryer (Tousimis Samdri) as per
the manual. The dehydrated cells were coated with a 5 nm osmium
layer and imaged using a scanning electron microscope (SEM, FEI
Quanta 650). Captured images were further enhanced for visualization
of cellular architecture using Photoshop. Additionally, cells on trans-
well plates were imaged using SEM, and EDS analysis was performed to
evaluate the calcium and phosphate deposition. Briefly, the transwell
samples underwent the same dehydration and coating procedures as
described above, followed by SEM imaging. Calcium and phosphate
were selected for EDS analysis using AZtec software (Oxford Instru-
ments). Elemental mapping was performed under the following con-
ditions: 20 kV acceleration voltage, 30–50% deadtime, 1 frame count,
2048 channels, 256 resolution, and 100μs pixel dwell time.

Osteogenic differentiation
hMSCs were seeded onto both flat andmicropillar mPOC/HA substrates
at a density of 5000 cells/cm2 with growth medium. One-day post-
seeding, osteogenic induction medium (Lonza) was applied to prompt
the osteogenic differentiation of hMSCs. After 7 days of induction, cells
were washed with PBS buffer and fixed with 4% paraformaldehyde for
10minutes. Subsequently, the samples were immersed in a solution of
56mM 2-amino-2-methyl-1,3-propanediol (AMP, pH~9.9), containing
0.1% naphthol AS-MX phosphate and 0.1% fast blue RR salt to stain
alkaline phosphatase (ALP). Bright-field images were acquired using a
Nikon Eclipse TE2000-U invertedmicroscope. ALP activity was assessed
using the ALP assay kit (K422-500, Biovision) following the provided
manual. Briefly, cells cultured in induction medium for 7 days were
homogenized using ALP assay buffer. Subsequently, the non-fluorescent
substrate 4-Methylumelliferyl phosphate disodium salt (MUP) was
mixed with the homogenized samples to generate a fluorescent signal
through its cleavage by ALP. Fluorescence intensity wasmeasured using
a Cytation 5 imaging reader (BioTek) at (Ex/Em=360/440nm). Enzy-
matic activity was calculated based on the standard curve and normal-
ized to total DNA content, determined by the Quant-iT PicoGreen
dsDNA assay (Invitrogen). The expression levels of OCN and RUNX2
were quantified through Western Blot analysis. In brief, cell lysis was

performed using radioimmunoprecipitation assay (RIPA) buffer. The
relative protein quantities were measured using a Cytation 5 imaging
reader. Equal amounts of proteins extracted from flat and micropillar
samples were loaded onto a NuPAGE 4–12% Bis-Tris Gel (Invitrogen) and
subsequently transferred to nitrocellulose membranes (Bio-rad). After-
ward, membranes were blocked with 5% milk and incubated with pri-
mary antibodies (including GAPDH from Abcam, ab181602, 1:5000
dilution; OCN from Cell Signaling, 59757T, 1:500 dilution; and RUNX2
from Santa Cruz, sc-390715, 1:200 dilution) overnight at 4 °C with gentle
shaking. Following this, secondary antibodies, diluted at a ratio of
1:5000, were applied and incubated with the membranes at room
temperature for 1 h. Protein bands were visualized using the Azure 600
gel imaging system. The acquired images underwent analysis through
the ‘Gel Analyzer’ tool in ImageJ. The intensity of all target protein bands
was initially compared to the corresponding GAPDH, and then normal-
ized against a flat surface, whichwas set as 1. Statistical calculations were
based on three biological replicates.

Secretome sample preparation
For secretome testing, hMSCs were seeded at 20,000 cells/cm2 and
cultured in osteogenic induction medium for 3 weeks, followed by
serum-free medium treatment for 2 d. Then the cell culture medium
was collected for analysis. We developed an optimized protocol for
processing large-volume secretome samples (≥15mL) to increase the
dynamic range of protein coverage by removing residual serum and
concentrating low-abundance secreted proteins for LC-MS analysis65.
Secretome samples were first processed using a 50 kDa molecular
weight cutoff (MWCO) Amicon Ultra-15 centrifugal filter Ultracel,
Merck (UFC905008) to separate the sample into two fractions: the
filtrate containing proteins smaller than 50kDa and the concentrate
with proteins larger than 50kDa as per the manufacturer’s
protocol65,66. The concentrate was depleted using High-Select Midi
Spin Columns (A36367, Thermo Fisher Scientific), and the depleted
flowthrough was recovered by centrifugation as per the protocol
providedbyThermo67,68. Both thefiltrate and thedepleted concentrate
were subjected to acetone/trichloroacetic acid (TCA) protein pre-
cipitation to isolate the proteins65,66. The resulting protein pellets were
solubilized (8M urea and 400mM ammonium bicarbonate), com-
bined, and quantified using the BCA and micro-BCA protein assay kits
(Thermo Scientific, Ref: 23227, Ref: 23235)69. Disulfide bonds were
reduced by 4mM dithiothreitol and incubated for 45minutes at 55 °C.
Sulfhydryl groups were alkylated by addition of 16mM iodoacetamide
and incubated for 45minutes at 25 °C shielded from light. Samples
were diluted 4-fold with ammonium bicarbonate to reduce the urea
concentration below2M. Protein digestionwasperformedby addition
of trypsin (MS-grade, Promega) at a 1:50 ratio (enzyme:substrate) and
incubated overnight at 37 °C. Digestionwas haltedwith the addition of
10% formic acid (FA) to a final concentration of 0.5%. Peptides were
desalted with Pierce C18 spin columns (Ref:89870), dried by vacuum
centrifugation, and stored at −20 °C. Peptides were resuspended in 5%
ACN(Acetonitrile) / 0.1% FA for LC-MS/MS analysis.

Proteome sample preparation
For proteomic testing, hMSCs were seeded at 20,000 cells/cm2 and
cultured in osteogenic induction medium for 3 weeks followed by
serum-freemedium treatment for 2 d. Cells were lysed using a cell lysis
buffer containing 0.5% SDS, 50mM ammonium bicarbonate (AmBic),
50mM NaCl, and Halt protease inhibitor. Protein precipitation was
performed using acetone/TCA, and the resulting protein pellets were
quantified using the BCA and Micro BCA protein assay kits (Thermo
Scientific, Catalog No. 23227, 23235), and 100ug protein per sample
was subjected in-solution digestion69. The pellets were resuspended in
100μl of re-suspension buffer (8M urea, 400mM ammonium bicar-
bonate). Disulfide bonds were reduced by adding 4mM dithiothreitol
(DTT), followed by incubation at 55 °C for 45minutes. Sulfhydryl
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groups were alkylated by adding 16mM iodoacetamide, and the
reaction was incubated for 45minutes at 25 °C, shielded from light. To
reduce the urea concentration below 2M, the samples were diluted
4-fold with ammonium bicarbonate. Trypsin (MS-grade, Promega) was
then added at a 1:50 enzyme-to-substrate ratio, and digestion was
carried out overnight at 37 °C. The digestion was terminated by the
addition of 10% formic acid to a final concentration of 0.5%. Peptides
were desalted using Pierce C18 spin columns (Ref:89870), dried by
vacuum centrifugation, and resuspended (1μg/μl) in 5% acetonitrile
(ACN) and 0.1% formic acid (FA) in preparation for LC-MS analysis.

Liquid Chromatography High Resolution Tandem Mass Spec-
trometry (LC-HRMS/MS) Analysis
Peptides were analyzed using a Vanquish Neo nano-LC coupled to an
Exploris 480 hybrid quadrupole-orbitrapmass spectrometer (Thermo
Fisher Scientific, USA). The samples were loaded onto the trap column
of 75 μm internal diameter (ID) x 2 cm length (Acclaim PepMapTM 100,
P/N 164535) and analytical separation was performed using a UHPLC
C18 column (15 cm length x 75 µm internal diameter, 1.7 µm particle
size, IonOpticks, AUR3-15075C18). For each run, 1 µgof peptide sample
was injected. Electrospray ionization was performed using a Nanos-
pray Flex Ion Source (Thermo Fisher, ES071) at a positive static spray
voltage of 2.3 kV. Peptides were eluted from the analytical column at a
flow rate of 200 nL/min using an increasing organic gradient to
separate peptides based on their hydrophobicity. Buffer A was 0.1%
formic acid in Optima LC-MS grade water, and buffer B was 80%
acetonitrile, 19.9% Optima LC-MS grade water, and 0.1% formic acid:
The method duration was 120minutes. The mass spectrometer was
controlled using Xcalibur and operated in positive polarity. The full
scan (MS1) settings usedwere:mass range 350–2000m/z, RF lens 60%,
orbitrap resolution 120,000, normalized AGC target 300%, maximum
injection time of 25 milliseconds, and a 5E3 intensity threshold. Data-
dependent acquisition (DDA) by TopNwas performed through higher-
energy collisional dissociation (HCD) of isolated precursor ions with
charges of 2+ to 5+ inclusive. The MS2 settings were: dynamic exclu-
sion mode duration 30 seconds, mass tolerance 5 ppm (both low and
high), 2 second cycle time, isolation window 1.5m/z, 30% normalized
collision energy, orbitrap resolution 15,000, normalized AGC target
100%, and maximum injection time of 50 milliseconds.

Database searching and Label-free Quantification
The samples were acquired on mass spec and the data were searched
against a human database using the MaxQuant application70. Label-
Free Quantification (LFQ) was obtained by LFQMS1 intensity. Data was
filtered to accept proteins with a minimum of 2 unique peptides.
Search parameters included a fixed modification of cysteine carbami-
domethylation, and variable modifications of methionine oxidation,
deamidated asparagine and aspartic acid, and acetylated protein
N-termini.

Data analysis
The ‘proteinGroups’ output file from MaxQuant was imported into
Perseus software for data preprocessing and statistical analysis71.
Intensities were Log2 transformed to achieve a normal distribution
of the data and scaled using median subtraction normalization.
Differentially expressed proteins were determined by doing a non-
paired Student t-Test. Proteins quantified in all samples (i.e., with
non-missing values) with p < 0.05 and FC ≥ 2 were considered sig-
nificant. Downstream analyses and visualizations were done using
RStudio software (R version 4.3.2, RStudio version 2024.09.0).
Principal component analysis (PCA) was done using ‘prcomp’ R
function to visualize the ability of the differential protein expression
to distinguish between biological conditions. Heatmap plot was
built using ‘ComplexHeatmap’ R package. GO and Pathways
enrichment analysis was done using ‘clusterProfiler’ R package, and

annotations with adjusted p-values (FDR, Benjamini-Hochberg) <
0.05 were considered significant72. Additional R packages used
included ‘org.Hs.eg.db’ for human gene annotations and ‘enrichplot’
for visualization. This analysis considered the entire set of human
protein-coding genes as the reference background.

Transwell assay
The flat andmicropillarmPOC/HA surfaceswere fabricated in a 24-well
plate. The hMSCs were seeded onto the surfaces with 40,000 cells per
well. Then a transwell was put in each well, and additional hMSCs were
seeded inside the transwell (Costar, 0.4μm polyester membrane) at a
density of 5000 cells/cm2. After cell attachment, osteogenic medium
was used to induce osteogenic differentiation of the cells. At 7 days
post-induction, the cells on the transwell were fixed, followed by ALP
staining and quantification to investigate the secretion profile of
deformed and undeformed cells on osteogenesis. At 3 weeks post-
induction, additional transwells were collected for Alizarin Red S (ARS)
staining and quantification to show the calcium deposition influenced
by the secretome. At 4 weeks post-induction, collagen, which is one of
the major components in ECM and significantly affected according to
the secretome analysis, was stained to investigate the influence of
nuclear deformation on ECM organization.

Ethical statement
The animal study was approved by the University of Chicago Animal
Care and Use Committee following NIH guidance (ACUP#71745).

In vivo implantation
Eight-week-old female athymic nude mice obtained from Harlan
Laboratories were used for the study. The animals were housed in a
separately air-conditioned cabinet at a temperature of 24–26 °C with
12:12 light:dark cycle. The surgeries were performed according to the
previous report61. Briefly, animals were treated with 2% isoflurane
delivered by 100% O2 and maintained with 1–1.5% isoflurane for anes-
thesia. Two critical-sized defects were created on the left and right
sides of the skull of each animal using a 4mm trephine under con-
tinuous normal saline irrigation to prevent tissue thermal injury
(Dremel® USA, Robert Bosch Tool Corp), followed by the implantation
of hMSCs seeded onto flat and micropillar scaffolds, respectively. The
implants were seeded with 20,000 cells per implant (approximately
160,000 cells/cm²) in growth medium for 1 day before being implan-
ted into the defects. After implantation of scaffolds, a largermPOCfilm
(1 × 1.5 cm2) was attached to the skull with thrombin/fibrinogen to
prevent displacement of implants. Skin tissue was closed with 5–0
nylon interrupted sutures and removed after 2weeks. The animals
weremonitored after anesthesia hourly until recovery. Buprenorphine
50 µg kg−1 and meloxicam 1mgkg−1 were used for pain relief.

Micro-CT
Micro-CT images of cranial were performed on the XCUBE (Molecubes
NV) by the Integrated Small Animal Imaging Research Resource
(iSAIRR) at The University of Chicago. The animal was sedated with
1–1.5% isoflurane inhalation during the microCT scanning. Spiral high-
resolution computed tomography acquisitions were performed with
an X-ray source of 50kVp and 440 µA. Volumetric computed tomo-
graphy images were reconstructed by applying the iterative image
space reconstruction algorithm (ISRA) in a 400 × 400× 370 format
with voxel dimensions of 100 × 100 × 100 µm3. The same animal was
scanned at multiple time points to monitor the regeneration of the
skull bone. An Amira software (Thermo Scientific) was used for 3D
reconstruction of the skull tissue and to analyse the bone formation in
the defect area. Scale bars were used to standardize the images.
Baseline imaging and defect volume calculations were performed 48 h
postoperatively, serving as a standard for comparing all subsequent
measurements of residual defect volume. Defect recovery is defined as
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(Vi−Vd)/Vi × 100%, where Vi and Vd represent defect volume at initial
and designed timepoints, respectively.

Histology analysis
Skull samples were fixed and decalcified in Cal-EX II (Fisher Scientific)
for 24 h, rinsed with PBS, and embedded in paraffin. Tissue sections
containing defect sites were cut to 5μm thickness and stained with
H&E and trichrome to assess tissue regeneration. Regenerated tissue
thickness wasmeasured using ImageJ, and osteogenesis was evaluated
via IHC staining for key osteogenic markers, including OCN (Cell sig-
naling, 59757T, 1:200 dilution) and OPN (Santa Cruz, sc-21742, 1:100
dilution). Mouse skin tissue served as a negative control for all IHC
staining. Macrophage activation was evaluated by staining of F4/80
(Cell signaling, D2S9R, 1:100 dilution), CD86 (Invitrogen, 14-0862-82,
5μg/ml), and CD163 (Abcam, ab182422, 1:100).

Spatial transcriptomics
To confirm the RNA quality of each FFPE tissue block, 1–2 curls (10um
thickness each) were used for RNA extraction using Qiagen RNeasy
FFPE kit (Qiagen 73504) according to manufactures’ protocol. Extrac-
ted RNA was examined by Agilent Bioanalyzer RNA pico chip to con-
firm the DV200>30%. Simultaneously, the tissue morphology was
examined on HE-stained slide to identify the region of interest.

For each FFPE sample, 1 section (5um thickness) was placed on
Visium slides. Each slide was incubated at 42 °C for 3 h followed by
overnight room temperature incubation. Then, the slide was stored a
desiccated slide holder until proceeding to deparaffinization.

The deparaffinization, HE staining and imaging, and decrosslink-
ing of tissue slides were performed according to 10x Genomics pro-
tocol (CG000409 and CG000407) specific for Visium spatial gene
expression for the FFPE kit. Then, the slides were proceeded to human
probe (v2) hybridization and ligation using 10x Genomics Visium
spatial gene expression, 6.5mm kit (10x Genomics, PN-1000188). The
probes were released from tissue slide and captured on Visium slide,
followed by probe extension. Sequencing libraries were prepared
according to manufacturer’s protocol. Multiplexed libraries were
pooled and sequenced on Novaseq X Plus 10Bflowcell 100 cycles kit
with following parameter: 28nt for Read 1 and 90nt for Read 2.

We visually identified the implant region in each sample. To
exclude low-quality capture locations, we removed the capture
locations with fewer than 500 unique molecular identifiers, fewer
than 500 genes, or ≥ 25% mitochondrial reads73. We also filtered out
the genes that are expressed in fewer than five capture locations73.
After quality control, the flat group had 101 capture locations and
12,701 genes, whereas the micropillar group had 73 capture locations
and 13,371 genes.

Differential gene expression analysis
To identify the genes differentially expressed in flat and micropillar
groups, we performed Wilcoxon rank-sum tests on the merged
dataset (174 capture locations) using the FindAllMarkers function in
Seurat V374. Our testing was limited to the genes present in both
implants, detected in aminimum 1% of cells in either implant, as well
as showing at least 0.1 log-fold difference between the two implants.

Cell type deconvolution
To perform cell typing on our data, we first identified three publicly
available bone single-cell RNA sequencing (scRNA-seq) referenceswith
annotated cell types43–45. The scRNA-seq references were processed,
quality controlled, and merged using Seurat V3. Since our samples are
nude mice, we excluded all the immune cells from the merged refer-
ence. The final merged scRNA-seq dataset contained a total of 12,717
cells and represented all major cell types present in bone tissues.

In 10x Visium data, each capture location contains a mixture of
cells75. Therefore, we performed cell type deconvolution to predict the

cell type proportions in each capture location using BayesPrism, a
Bayesian deconvolution method shown to work on spatial tran-
scriptomics data76,77. We excluded chromosomes X and Y, ribosomal,
andmitochondrial genes from the analysis to reduce batch effects.We
also removed the outlier genes with expression greater than 1% of the
total reads in over 10% of capture locations. To improve cell typing
accuracy, we only used the cell type signature genes for deconvolution
analysis. The cell typemarkerswere identified basedon the differential
expression analysis results on the merged scRNA-seq reference. The
predicted cell type proportions with above 0.5 coefficient of variation
were clipped to zero to reduce noise.

Cell-type-based analyses
We performed Wilcoxon rank-sum tests using the deconvoluted
cell type proportions to test if certain cell types are more pre-
valent in one implant than the other. We further examined the
association between cell type proportions and gene expression
levels in the two implants through Kendall’s correlation analyses.
All the p-values were adjusted for multiple testing through the
false discovery rate approach. The proportions of three cell types
(chondrocyte, OLC, and osteocyte) had over 50 significantly
positively correlated genes. For each of these cell types, we per-
formed pathway enrichment analysis of the significantly posi-
tively correlated genes using Metascape78.

Statistics and reproducibility
The results are shown as mean ± standard deviation (SD) using violin
super plots or bar graphs. Statistical analysis was performed using
Kyplot software (version 2.0 beta 15). Statistical significance was
determined by Student’s t-test (flat versus micropillar, two-sided). In
Supplementary Data 1 and 2, non-paired Student t-Test (two-sided)
were used for statistical analysis. In Supplementary Data 3 and 4, the
functional enrichment analysis p-values were obtained from Metas-
cape using hypergeometric tests, and q-values represent Benjamini-
Hochberg-adjusted p-values to account for multiple testing. All
experiments presented in themanuscript were repeated at least as two
independent experiments with replicates to confirm the results are
reproducible with similar results.

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

Data availability
All data supporting the findings described in this manuscript are
available within the paper, the Supplementary Information, and the
Source data file. The raw imaging datasets generated during the study
are too large to be publicly shared but are freely available on request
from the corresponding author. All the sequencing data are available
from the Gene Expression Omnibus (GEO) under the accession code
GSE286676. All the proteomic datasets are available from the Proteo-
meXchange under the accession code PXD059752. Source data are
provided with this paper.
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