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ABSTRACT

Nanosubstrate engineering is a biomechanical approach for modulating stem cell differentiation in
tissue engineering. However, it remains unexplored to study the effect of clathrin-mediated
processes on manipulating this behavior. Herein, we develop integrin-binding nanosubstrates at
confined nanogeometries that regulate clathrin-mediated adhesion- or endocytosis-active signaling
pathways for modulating stem fates. Isotropically presenting ligands in nanoscale enhances the
expression of clathrin in cells, thereby facilitating uptake of dexamethasone-loaded nanoparticles
(NPs) to boost osteogenesis of stem cells. In contrast, anisotropic ligand nanogeometry suppresses
this clathrin-mediated NP entry by strengthening the association between clathrin and adhesion
spots to reinforce mechanotransduced signaling, which can be abrogated by pharmacological
inhibition of clathrin. Meanwhile, inhibiting focal adhesion formation hinders cell spreading and
enables higher endocytosis efficiency. Our findings reveal the crucial roles of clathrin in both
endocytosis and mechanotransduction of stem cells and provide the parameter of ligand

nanogeometry for the rational design of biomaterials for tissue engineering.



Human mesenchymal stem cells (hMSCs) are a great potential source for regenerating
damaged/injured tissue due to their self-renewal capability and multilineage differentiation
potency.® Therefore, effectively guiding hMSCs toward specific lineage is of utmost importance
in the field of tissue engineering.? In the past decades, the methods for manipulating hMSC
differentiation (e.g., osteogenic differentiation) have been intensively investigated. Nanomaterial
has emerged as an effective tool to enter stem cells owing to their small size and regulate stem cell
differentiation via particular signaling pathways.® For instance, nanomaterials serve as
nanocarriers with high loading capacity to deliver the potent inducer of osteogenesis [e.g.,
dexamethasone (Dex)] to augment osteogenic capability of stem cells.%*> Generally, clathrin-
mediated endocytosis (CME) is the major pathway for nanoparticles (NPs) to enter the cells, with
the formation of clathrin-coated pits and recruitment of related adaptor proteins [e.g., adaptor
protein 2 (AP2) ] on the cell membrane to form intracellular vesicle for delivering cargoes.®’
Therefore, recent studies exploited substrate engineering, such as optimizing its surface
roughness,® topography,®** or stiffness,*>** to promote the expression of CME-associated proteins

for intracellular delivery of NPs.

Besides mediating cellular uptake of NPs, clathrin also involves in integrin-associated adhesion
structures independently of its role in endocytosis.1**° Previous studies showed that the effective
engagement between integrins and ligands recruited clathrin via AP2 to regulate the associated
signalings.1® Critically, this activation can be subject to biophysical cues of the microenvironment.
For example, large and flat clathrin-coated plaques are formed on the stiff substrate to upregulate
ERK activation, which is abrogated on the soft substrate.8 It is known that Arg-Gly-Asp (RGD),
a bioactive ligand of extracellular matrix (ECM), can specifically activate integrin g3 for cell

adhesion.® Sheetz et al. reported that cells cultured on a substrate with mobile RGD exhibited



enhanced integrin-based CME activity, while this process was suppressed in cells on the fixed
RGD substrate with mature focal adhesion (FA) formation.'® These studies suggest that the key
roles of integrin/clathrin can be interchanged in response to various conditions of ligand
presentations. Material surfaces with nano/micro features can modulate CME functions of cells.*®-
22 Hence, it is highly possible that the subcellular level interactions between cell receptors and
bioactive molecules can regulate CME activity. Therefore, controlling the nanogeometric display
of specific ligands may potentially unravel how integrin and clathrin are recruited to “turn on” the

endocytosis- or adhesion-active state.

Integrin-ligand binding occurs in nanoscale. Thus, precisely controlling the nanoscale display
of ligands is critical to orthogonally investigate cell-material interactions.?*-2® In particular, ligand
clustering and nanospacing controlled by nanostructures are pivotal for activating integrin and the
associated signaling.2’3° We also demonstrated that manipulating local clustering,® tether
mobility,®? or physical caging® of RGD-displaying nanoparticles regulated cell adhesion and fates.
A recent study revealed that MC3T3 preosteoblasts cultured on nanogrooved substrates showed
enhanced cytoskeletal structures and mature FA but exhibited poor endocytic uptake of cell
penetrating peptides compared to those on flat control.®* Nevertheless, how these nanofeatures
directly regulate integrin/clathrin activation remains elusive. It is conducive to controlling the
nanogeometric presentation but decoupling the other effects of the ligand arrangement in the

nanoscale (e.g., ligand density) on cell adhesion/endocytosis.

Herein, we engineer cell seeding nanosubstrates by coating gold nanospheres (AuNPs) with an
aspect ratio (AR) of 1 (AR1-S) or gold nanorods (AuNRs) with an AR of 4 (AR4-S), respectively.
The random-oriented coating of AR4 ensures the anisotropy presentation of RGD peptides at

nanoscale instead of micro/macroscale to cell receptors.®® The choice of these two aspect ratios



(AR1 and AR4) was based on the critical threshold of the effective development of traction forces
in cells that were cultured on substrates with AuNR of larger AR (> 4).% We aim to adopt the well-
established anisotropic AuNRs to study the interplay among 1) nanogeometric ligand presentation,
2) integrin/clathrin-mediated adhesion, and 3) cell endocytosis of NPs that has not yet been
explored. These two types of nanosubstrates present the same amount of RGD peptides of varying
ligand nanogeometries for studying the dynamic changes of integrin-mediated adhesion and
endocytic activity (Figure 1A). We postulate that the AR4-S with a large AR presents a biomimetic
hierarchical organization of polypeptides, such as collagen fibrils,*® to promote cell adhesion
behavior but does not favor endocytic uptake of NPs (Figure 1Bii). In contrast, we hypothesize
that AR1-S disables the possibility of lateral clustering of integrins for FA maturation® but permits
the development of endocytic activity (Figure 1Bi). In our findings, we demonstrated that hMSCs
cultured on AR1-S showed the enhanced expression of clathrin and AP2 for the formation of
clathrin-coated vesicles that facilitate the cellular uptake of NPs. Conversely, AR4-S activated 3
integrin and recruited FA proteins with promoted mechanotransduced signalings, extracellular
signal-regulated kinase (ERK), and yes-associated protein (YAP) in hMSCs but much less
endocytic uptake of NPs compared to that of AR1-S. We visualized that clathrin and AP2 spatially
colocalized with FA in AR4-S group with the formation of clathrin-coated plaques.
Mechanistically, pharmacological inhibition of clathrin suppressed cellular uptake of NPs in both
groups and substantially reduced nuclear localization of ERK in AR4-S. Meanwhile, the blocking
of B3 integrin and the associated FA further boosted the level of NP uptake in both groups. More
importantly, utilizing the promoted endocytosis capability of h(MSCs on AR1-S by delivering Dex-
loaded NPs induced a more robust osteogenic differentiation than those on AR4-S. This work

reveals how these engineered nanosubstrates regulate the cellular uptake of suspended drug-loaded



NPs. Moreover, our results not only highlight the altered roles of integrin/clathrin structures in
response to nanogeometries of ligand display but also aid the nanosubstrate and nanomedicine
development to achieve desired hMSC differentiation for modulating tissue-regenerative

processes.

To construct AR1-S and AR4-S, we first synthesized citrate-capped nanospheres (AR1) with a
diameter of 36.51 + 3.85 nm® and cetyltrimethylammonium bromide (CTAB)-capped nanorods
(AR4) with a length of 77.12 + 8.67 nm, a width of 18.08 + 2.13 nm, and an AR of 4.27 +0.30,%®
respectively, (Figure 1C,D). Overall, both AR1 and AR4 possessed a similar surface area (~ 4000
nm?; Figure 1F). The surface plasmon resonance (SPR) peaks of AR1 and AR4 were 530 nm and
866 nm, respectively (Figure 1E). Before nanosubstrate fabrication, we replaced CTAB surfactant
of AR4 with citrate by ligand exchange (Figure S1).3°%° This successful modification was
confirmed by ultraviolet-visible absorption spectroscopy that showed similar SPR peaks (Figure
S1B) and consecutive changes of zeta potentials throughout the exchange (Figure S1C). Next, we
engineered the nanosubstrate by employing mercaptopropylsilatrane (MPS) for thiolation,
followed by immobilizing AR1 or AR4 onto the thiolated substrate via Au-thiol linkages, forming
ARL1-S or AR4-S, respectively (Figure 1A). By optimizing the concentration and incubation time
of the NP immobilization, the coating densities of AR1 and AR4 on the substrates were controlled
comparable at 41.83 + 1.24 and 44.55 + 3.27 NPs/um?, respectively (Figure 1G). We verified that
high coating density (e.g., exceeding 100 NPs/um?) of AR1 or AR4 would cancel out the local
anisotropic effect to promote integrin-mediated adhesion (Figure S2). Furthermore, cyclic RGD
peptides were conjugated onto the surface of AR1 and AR4 via Au-thiol reaction, resulting in a
ligand density of 5691 + 46 or 5558 + 141 peptides/NP, respectively (Figure 1G), as quantified by

Ellman’s assay.*! Subsequently, the remaining space on the substrate was blocked with maleimide-



terminated polyethylene glycol (PEG) strands via a thiol-maleimide Michael addition click
reaction to prevent nonspecific cell adhesion.® Our previous studies proved that the covalent
bonds (Au-thiol) between AR1 (or AR4) and the thiolated substrate were highly stable to avoid
NP internalization by the cells seeded atop or detachment from the substrate throughout the cell
culture.® 3 Hence, we have fabricated nanosubstrates that present integrin-binding ligands of two

distinguished nanogeometries, respectively.

Next, we examined the effect of diverse nanoscale displays of ligands on the endocytosis of
drug-loaded NPs in hMSCs. We confirmed that the hMSCs cultured on AR1-S or AR4-S were
highly viable (> 90%) over 10 days (Figure S3). Thereafter, we employed graphene quantum dots
(GQDs), a well-studied biocompatible zero-dimension NP with a large surface area for drug
loading and high fluorescence quantum yield properties for its intracellular tracking.**** GQDs
were loaded with Dex (GQD/Dex) to examine the endocytosis capability of hMSCs seeded on
AR1-S or AR4-S (Figure 2A). The GQDs purchased from the company emitted a strong
fluorescence signal at 450 nm under the excitation of 380 nm (Figure S4). Loading of Dex
minimally affected the fluorescence spectrum of GQDs but exhibited the adsorption peak at 242
nm of Dex (Figure S5).** The slightly increased physical size of GQD/Dex (3.87 + 1.04 nm)
compared to that of unmodified GQD (1.96 + 0.36 nm) also indicated the successful loading of
Dex to GQDs via m—m stacking (Figure S4 and S5).** We verified that GQD/Dex was
biocompatible with hMSCs and did not significantly reduce the viability of hMSCs upon
incubation of 6 h (Figure S6). Before the uptake, we inserted AR1-S or AR4-S into a tissue culture
plate (TCP) well and seeded the cells on top for 24 h. The fluorescence images showed that hMSCs
cultured on AR1-S endocytosed more GQD/Dex than those cultured on AR4-S, evidenced by 1-

fold higher cytoplasmic fluorescence signals (Figure 2B,C). As literature precedents reported that



GQDs entered the cells through the CME pathway,*®#” we inhibited clathrin using chlorpromazine,
a drug that can hinder the formation of clathrin-coated pits with the adapter proteins from the
plasma membrane to intracellular vesicles and also suppress the expression of clathrin.8484° This
inhibition showed a profound decrease of clathrin expression and the intracellular GQD
fluorescence signal and minimal effects on the cell viability (Figure 2B,C; Figure S7 and S8).
These results demonstrate that AR1-S enhanced the cellular uptake of GQD/Dex by hMSCs via

CME pathway.

We investigated whether nanogeometry of ligands regulates adhesion/endocytosis via integrin,
as RGD is highly specific to integrin.>>*! In nanoscale, our Au-immunolabeling results confirmed
that integrin 33 engaged with both AR1 and AR4 on the substrates (Figure S9). In microscale, cells
showed a higher spreading area with a polygonal shape, more intense stress fibers (F-actin), and
larger FA (vinculin) size on AR4-S than those on AR1-S that showed a spindle shape (Figure 2D;
Figure S10 and S11). These results suggest that the anisotropic display of ligands by AR4-S
enables effective integrin activation for adhesion structure maturation.®® As previous studies
generally demonstrate the conflict between cell adhesion and endocytosis activity,'® we evaluated
the expressions of clathrin and AP2 proteins in cells and their relationship with the adhesion
structures in different conditions. Critically, cells expressed an intense dotted pattern of clathrin
and AP2 on AR1-S, while these two proteins assembled as FA-like plagues on AR4-S (Figure 2D
and Figure S12). Strikingly, more clathrin-coated vesicles on the cytosolic side of plasma
membrane were formed in cells on AR1-S, but plaque-like structures with little vesicles were
observed in cells on AR4-S, as indicated by Au-immunolabeling (Figure 2E and Figure S13). In
addition, cells in AR1-S group expressed higher protein levels of clathrin and AP2 than those in

ARA4-S group (Figure 2F). These data indicate that hMSCs show endocytosis-active state on AR1-



S and adhesion-active state on AR4-S. Although cells primarily interacted with the AR1 that were
immobilized on the substrate surface through the basal membrane, the overall expression of
clathrin and AP2 were upregulated in the cells (Figure 2D,F and Figure S12). Meanwhile, our
pharmacological blockade of clathrin heavy chain markedly downregulated the expression of
clathrin (Figure S8) and reduced the amount of endocytosed GQD/Dex (Figure 2B,C). We
conclude that ARS-1 enhances the endocytic activity of the entire cells that were seeded atop, not

restricted to the basal membrane area that interacts with the substrate nanostructures.

As cells seeded on AR4-S depicted FA-like clathrin/AP2 plaques, we question their association
with adhesion structures. By analyzing Mander’s overlap coefficient based on the
immunofluorescence staining results, clathrin and AP2 in AR4-S showed significantly higher co-
localization/alignment with the F-actin bundles than those in AR1-S (Figure 2D,G and Figure S14).
Similar to F-actin, FA showed higher co-localization with AP2 in AR4-S group than AR1-S group
(Figure 3A,B). In contrast, integrin $3 highly co-localized with AP2 in both AR1-S and AR4-S
groups (Figure S15). These data imply that the integrin B3 in cells that were cultured on AR4-S
may be associated with FA/clathrin structures for stabilizing cell adhesion that hinders endocytic
activity. Therefore, we suggest that the clathrin may participate in integrin-mediated
mechanotransduced signalings in cells on AR4-S (anisotropic ligand presentation), while AR1-S
(isotropic ligand presentation) does not support the maturation of FA and promotes CME function.
To support this argument, we included two control groups, AR1-S without PEG blocking (Non-
blocking AR1-S) and TCP as a blank control, which both provided a homogeneous presentation
of cell adhesive peptides on the surface and should empower a well-developed integrin-mediated
adhesion.®>52 As a result, both groups promoted cell spreading and development of FA compared

to AR1-S group (Figure S16). In contrast, the immunofluorescence intensity level of AP2 and



relative amounts of endocytosed GQD/Dex in cells decreased in the following order: AR1-S, Non-
blocking AR1-S, and TCP (Figure S16 and S17). Thus, the homogeneous display of RGD

diminishes the confined nanogeometry effect of AR1-S on enhancing CME activity.

Integrin B3 is one of the cellular receptors to sense the surrounding microenvironment,>
necessary for cell adhesion and spreading on the RGD-presenting nanosubstrates.>* The cells in
both AR1-S and AR4-S groups adopted integrin B3 to interact with the immobilized RGD on the
AuUNRs (Figure S9). The inhibition of integrin 3 weakened cell adhesion behaviors in both
groups, as evidenced by the decreased cell spreading areas (Figure S18). More importantly,
blocking integrin B3 caused a 12% and 97% increase in endocytosed GQD/Dex signals in cells
seeded on AR1-S and AR4-S when compared to their untreated counterparts, respectively (Figure
3C,D). This inhibition remarkably reversed this adhesion/endocytosis trend in AR4-S group by
suppressing the integrin-mediated mechanosensing signaling that “relinquishes” the clathrin for
more endocytic activity. Moreover, this blocking was also effective for the AR1-S group that
showed a slight but statically significant (** P < 0.01) enhancement of GQD/Dex uptake (Figure
3D), suggesting a further suppression of the integrin f3-mediated mechanotransduction in AR1-S.
This result indicates that integrin B3 is a mediator that participates in cell adhesion, and the
suppression of FA development rescues CME activity from the strong association with adhesion
structures. To further understand this pathway, we employed Y-27632, an inhibitor of Rho-
associated protein kinase (ROCK), to suppress cell contractility and focal adhesion.> Critically,
this pharmacological experiment remarkably promoted the uptake of GQD/Dex (> 1 fold) by cells
on AR4-S while slightly increasing the amount of endocytosed GQD/Dex (~ 0.5 fold) by cells on
AR1-S (Figure S19), further revealing a potential competitive relationship between cell adhesion

and endocytosis. To test the generality of our platform, we have added two more aspect ratio
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groups (AR2 and AR7) by constructing AR2-S and AR7-S (Figure S20), and studied the adhesion-
(Figure S21) and endocytosis-related behaviors (Figure S22 and S23) of cells that were seeded
atop. As expected, considering from AR1-S to AR7-S, the cells cultured on a substrate with AUNRS
of large AR (> 4) displayed more mature cell adhesion behaviors (e.g., larger spreading area and
focal adhesion size) but suppressed cell endocytosis behaviors (e.g., lower expressions of clathrin
and AP2 as well as the endocytosed amount of GQD/Dex). In short, we validate the essential roles

of nanoscale ligand anisotropy in regulating integrin-associated cell adhesion and endocytosis.

We previously showed that the enhanced cytoskeletal tension via mature FA activated the
signaling of mechanosensitive transcriptional factor YAP, which potentiated osteogenic
differentiation of hMSCs.>® Hence, we analyzed the nuclear localization ratio of YAP in the cells
primed by AR1-S and AR4-S. Our immunostaining results showed that the cells cultured on AR4-
S displayed 43% higher nuclear localization ratio of Y AP than those cultured on the AR1-S (Figure
S24), confirming the elevated mechanosensing engagement between cells and ARA4-S.
Furthermore, integrin-mediated mechanotransduced signaling involves the activation of ERK,
which can upregulate the transcription activity of runt-related transcription factor 2 (RUNX2), an
osteogenic marker of stem cells at early stage.>’ Consistently, the ERK nuclear/cytoplasmic
fluorescence intensity ratio in AR4-S group was ~ 2-fold higher than that in AR1-S group (Figure
4), demonstrating the activation of diverse mechanosensing-dependent signalings. Intriguingly,
clathrin also participates in modulating this integrin-mediated downstream ERK signaling
pathway.!” Given the high spatial correlation between clathrin/AP2 and FA in cells cultured on
AR4-S (Figure 2G and Figure 3A,B), we pharmaceutically inhibited clathrin signaling to study
their relationship. Strikingly, this inhibition substantially downregulated the nuclear presence of

ERK by 243% in AR4-S group (Figure 4), due to the impediment to integrin/clathrin-mediated
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cell adhesion behavior. In contrast, cells cultured on AR1-S already showed 233% lower ERK
activity than those on AR4-S, attributed to enhanced endocytosis activity mediated by clathrin.
Inhibition of clathrin only slightly decreased the ERK activity by 9% in cells cultured on AR1-S
(Figure 4), owing to the original weak role of clathrin in cell adhesion. These findings confirm that
the anisotropic display of RGD peptides underpins the engagement between clathrin and adhesion

structures for mechanotransduced signalings but refrains from endocytosis.

As there is an imbalanced biophysical environment between AR1-S and ARA4-S that respectively
influence differentiation potentials of hMSC cultured atop, we wonder whether leveraging the
merit of endocytosis-enhancing in AR1-S can alter its differentiation outcome. Hence, we designed
two conditions for assessing the enhanced endocytic effect on osteogenic differentiation of h(MSCs
by AR1-S: (1) cells cultured on the nanosubstrate under osteogenic induction medium with free
Dex molecules over 7 days; (2) cells incubated with Dex-delivering nanocarrier, GQD/Dex, on the
nanosubstrate under osteogenic induction medium without free Dex molecules (Figure 5A and
Figure S25A). Note that the amount of loaded Dex by GQDs in condition (2) was equivalent to
that of free Dex in condition (1). Also, cells were preseeded on the nanosubstrate for 24 h before
any NP incubation or induced osteogenic differentiation. Besides, we also controlled the duration
of GQD/Dex incubation with hMSCs for 6 h, consistent with the cellular uptake experiment
(Figure 2B,C). As exocytosis may affect the retention of GQD/Dex inside the cells, we first
inspected the fluorescence signals of GQDs inside cells during the 7-day osteogenic differentiation
after the 6-h uptake. Interestingly, AR1-S group outperformed AR4-S group in both efficiency of
cellular uptake and the retention of NPs (Figure S26). In particular, GQD signals were still
detectable in AR1-S group 7 days post cellular uptake but not in AR4-S group (Figure S26),

indicating the privilege of AR1-S for acquiring Dex from GQDs. It is known that the acidic
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environment in organelle compartments post endocytosis, such as endosome and lysosome,>® can
elicit drug release via weakening the m-m stacking between drugs and GQDs.*® We also
demonstrated that the condition of pH 5 induced a robust cumulative Dex release from GQD/Dex
(more than 50% within 1 day) and reached the maxima within 2 days compared to those in pH 7.4
with less than 20 % cumulative Dex release over 7 days (Figure S27), confirming its release

mechanism triggered by the intracellular microenvironment.

We assessed the activity of the early stage markers of hMSC osteogenesis, RUNX2 and alkaline
phosphatase (ALP) in cells treated with various conditions after 7 days of the differentiation
assay.®®! As expected, AR4-S group showed a higher nuclear ratio of RUNX2 by 108% (Figure
5B,C) and a higher expression of ALP by 143% (Figure 5D,E and Figure S28) than those in AR1-
S group in condition (1), respectively. Strikingly, the relative expression levels of these two
markers were significantly enhanced AR1-S group in condition (2), reaching similar levels to those
in AR4-S group (Figure 5B-E, S28). Meanwhile, adding GQD alone did not influence these
differentiation outcomes (Figure 5B—E). These results are highly consistent with the promoted
GQD/Dex uptake via CME in AR1-S group and support the advantage of AR1-S for boosting stem
cell osteogenesis. To achieve a synergistic effect of both AR1-S and AR4-S, we cultured the cells
on AR1-S first for the uptake of GQD/Dex and next transferred the cells to AR4-S for osteogenic
differentiation over 7 days (Figure S25A). Cells primed by this condition expressed a higher level
of ALP and more intense nuclear localization of RUNX2 than those cultured on AR1-S or AR4-S
only (Figure S25B-E). Hence, cells benefited from both initially enhanced cellular uptake of drug-
loaded NPs and subsequently promoted mechanical feedback toward osteogenesis. Nevertheless,
this method requires cell harvesting and may disturb the continuity of cell culture, which

complicates the process of osteogenesis.
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We question whether a second dose of GQD/Dex can further amplify the effect of drug-induced
osteogenesis. Hence, we selected Day 4 for the second administration of GQD/Dex and assessed
the result on Day 8. We showed that adding Dex molecules and GQD/Dex (1 or 2 doses) to the
cells insignificantly affected their viability (Figure S29). Remarkably, AR1-S group even showed
~ 22% more nuclear translocation of RUNX2 and ~ 15% higher percentage of ALP-expressing
cells than that of AR4-S group under the 2-dose treatment. We lastly verified that the
nanogeometry of ligand presentation (AR1-S or AR4-S) and the GQD/Dex independently affected
osteogenic differentiation of the stem cells, evidenced by the lower biomechanical feedback of
cells in AR1-S group than those in AR4-S group even after the treatment of GQD/Dex over 7 days
of differentiation (Figure S30). This probably stems from blocking the empty space of our
platforms with PEG that prevents nonspecific attachment of proteins,®? decoupling the effect of
nanogeometry of ligand presentation on stem cell adhesion from other confounding factors such
as adhesion proteins in culture medium or secreted by cells. Hence, we confirm that Dex is critical
for the osteogenic differentiation of hMSCs, and hMSCs cultured on AR1-S can benefit from the
enhanced drug delivery for intensifying osteogenic differentiation outcomes over the enhanced

mechanotransduction on AR4-S.

In conclusion, we elucidated the roles of clathrin in hMSCs for mediating endocytosis or
participating in integrin-mediated mechanotransduction by nanosubstrate engineering. Our study
modulates the anisotropy of ligand presentation on nanoscale by Au nanostructures with various
ARs (1 or 4) and strictly controlled surface areas, particle coating densities, and ligand densities.
The cells cultured on AR4-S display higher levels of mechanical feedback in terms of cell adhesion,
spreading, and osteogenesis. In contrast, cells on AR1-S show a reverse trend of adhesion-

associated events but an elevated expression of clathrin and AP2 that facilitate the uptake of drug-
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loaded nanomaterials via CME pathway. Furthermore, we demonstrate that endocytosis may be
retarded by a strong association with adhesion structures on AR4-S, as evidenced by the high
colocalization between clathrin/AP2 and FA complexes/F-actin and the impeded
mechanotransduced signaling ERK pathway by inhibiting clathrin. We manipulate the feature of
ligand nanogeometry on AR1-S to maximize osteogenic differentiation outcome by the enhanced
uptake of GQD/Dex via robust endocytic activity, regardless of their weak mechanical engagement
between integrin and ligand. Our findings not only highlight the dual functions of clathrin in CME
and integrin-mediated mechanosensing by tuning the anisotropic ligand nanogeometry, but also
provide design rules of nanosubstrates for improving hMSC osteogenesis or other types of

differentiations (e.g., adipogenesis) for tissue engineering.
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Figure 1. Characterization of glass substrates with ligand nanogeometry created by gold nanorods
(AuNRs). (A) Schematic illustration of surface modification of a glass substrate with AUNRs with
an aspect ratio (AR) of 1 or 4 (denoted AR1 or AR4) to form AR1-S or AR4-S, respectively. AR1-
S and AR4-S refer to the insertion of an AR1 or AR4-coated glass substrate to a well of a
conventional 24-well tissue culture plate (TCP), respectively. (B) Schematic postulation of how (i)
AR1-S and (ii) AR4-S regulate cell endocytosis and adhesion structures. (C) Representative
transmission electron microscopy (TEM) images reveal the morphology of AR1 and AR4
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suspended in nanopure water. (D) Scanning electron microscopy (SEM) images reveal the
morphology and coating density of AR1-S and AR4-S. (E) ultra-violet—visible (UV-vis) spectra
of AR1 and AR4 suspended in nanopure water with surface plasmon resonance (SPR) peaks at
530 nm and 866 nm, respectively. (F) Quantification of AR and surface area of AR1 and AR4 by
counting at least 50 nanoparticles (NPs) in TEM images. (G) Quantification of NP density and
Arg-Gly-Asp (RGD) density by analyzing at least 10 SEM images of 1 pum x 1um. Error bar
denotes the standard deviation resulting from three independent experiments.
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Figure 2. Examination of endocytic activity and uptake of dexamethasone (Dex)-loaded graphene
quantum dots (GQDs; GQD/Dex) by hMSCs that were seeded on AR1-S or AR4-S. (A) Schematic
illustration of cellular uptake experiment. The cells were preseeded on the AR1-S or AR4-S in a
culture well and incubated with a growth medium for 24 h. During cellular uptake, the cells were
incubated with GQD/Dex for 6 h. The relative amount of GQD/Dex internalized by cells was
measured by fluorescence microscopy. (B) Representative fluorescence and optical images of
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hMSCs after endocytosis of GQD/Dex with or without pretreatment of 5 pg/mL chlorpromazine
(inhibitor of clathrin) in both AR1-S and AR4-S groups. (C) Quantitative analysis of fluorescence
signals in cells from different groups corresponding to (B). Averaged fluorescence signals of
GQD/Dex were measured in each cell. 20 cells were examined for each group. (D) Representative
fluorescence images of cells that were seeded on AR1-S or AR4-S for 24 h, followed by
immunostaining of the filamentous actin (F-actin, green), clathrin (red), and adaptor protein 2
(AP2, purple). (E) Representative SEM images show 13 nm AuNPs preadsorbed with goat anti-
mouse (H+L) IgG, binding to cells that were cultured on the substrates after 24 h and further
preincubated with mouse anti-human clathrin overnight. Clathrin, 13 nm AuNP, and the NP on the
substrates (AR1 and AR4) were painted with the pseudocolors orange, red, and golden yellow,
respectively. (F) Western blotting results of clathrin heavy chain (CLTC) and AP2 in cells seeded
on AR1-S and AR4-S with ii) statistical analysis. (G) Quantitative analysis of co-localization
measured between clathrin/AP2 and F-actin by MOC with Costes (> 95%) involving at least 10
cells. Statistical analysis of pairwise comparison was determined by one-way ANOVA. No
significance (ns): P > 0.05; ** P < 0.01; *** P < 0.001.
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Figure 3. Evaluation of clathrin and AP2 in the role of endocytosis and integrin-mediated
mechanosensing. (A) (i) Representative fluorescence images of cells that were seeded on AR1-S
or AR4-S for 24 h, followed by immunostaining against AP2 (purple) and vinculin (green). (ii)
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Quantitative colocalization of AP2 and vinculin scatter plots of the boxed areas as shown in (i).
The numbers indicate the MOC. (B) Quantitative analysis of co-localization measured by MOC
with Costes (> 95%) involving 10 cells cultured on AR1-S or AR4-S. (C) Representative
fluorescence images of hMSCs after endocytosis of GQD/Dex with or without pretreatment of 5
ug/mL integrin B3 in both AR1-S and AR4-S groups. (D) Quantitative analysis of fluorescence
signals in cells from different groups corresponding to (C). Averaged fluorescence signals of
GQD/Dex were measured in each cell. 20 cells were examined for each group. Statistical analysis
of pairwise comparison was determined by one-way ANOVA. ** P < 0.01; *** P < 0.001.
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Figure 4. Evaluation of clathrin in the role of promoting mechanotransduction-based signaling.
(A) Representative fluorescence images of cells that were seeded on AR1-S or AR4-S for 24 h,
followed by immunostaining of the F-actin (green), nucleus (blue), and signal-regulated kinase
(ERK) with or without pretreatment of 5 ug/mL chlorpromazine. (B) Quantitative analysis of
fluorescence signals in cells from different groups corresponding to (A). 30 cells were examined
for each group. Statistical analysis of pairwise comparison was determined by one-way ANOVA.
No significance (ns): P > 0.05; ** P < 0.01; *** P < 0.001.
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Figure 5. Osteogenesis differentiation of hMSCs induced by GQD/Dex when conditioned to AR1-
S and AR4-S, respectively. (A) Schematic illustration of differentiation experiment. The cells were
preseeded on the AR1-S or AR4-S in a culture well on Day 0 and incubated with growth medium
for 24 h. On Day 1, the cells were incubated with or without GQD/Dex for 6 h, and the particle-
containing medium was replaced by osteogenesis induction medium. On Day 4, the cells were or
were not incubated with GQD/Dex as the second dose for 6 h, and the particle-containing medium
was replaced by osteogenesis medium. The cell osteogenesis was analyzed on Day 8. (B)
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Representative fluorescence images of cells after different treatments on Day 8, followed by
immunostaining of the F-actin (green), nucleus (blue), and Runt-related transcription factor 2
(RUNXZ2, purple). (C) Quantitative analysis of fluorescence signals in cells from different groups
corresponding to (B). 30 cells were examined for each group. (D) Representative images of cells
after different treatments on Day 8, followed by staining of alkaline phosphatase (ALP, purple).
(E) Quantitative analysis of the percentage of ALP-positive cells from different groups
corresponding to (D). Error bar denotes the standard deviation resulting from three independent
experiments. Statistical analysis of pairwise comparison was determined by one-way ANOVA.
Significance difference: * P < 0.05; ** P < 0.01; *** P <0.001.
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