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Two-dimensional nanomaterials, an ultrathin class of materials such
as graphene, nanoclays, transition metal dichalcogenides (TMDs),
and transition metal oxides (TMOs), have emerged as a new
generation of materials due to their unique properties relative to
macroscale counterparts. However, little is known about the tran-
scriptome dynamics following exposure to these nanomaterials.
Here, we investigate the interactions of 2D nanosilicates, a layered
clay, with human mesenchymal stem cells (hMSCs) at the whole-
transcriptome level by high-throughput sequencing (RNA-seq).
Analysis of cell–nanosilicate interactions by monitoring changes in
transcriptome profile uncovered key biophysical and biochemical
cellular pathways triggered by nanosilicates. A widespread alter-
ation of genes was observed due to nanosilicate exposure as more
than 4,000 genes were differentially expressed. The change in
mRNA expression levels revealed clathrin-mediated endocytosis
of nanosilicates. Nanosilicate attachment to the cell membrane
and subsequent cellular internalization activated stress-responsive
pathways such as mitogen-activated protein kinase (MAPK), which
subsequently directed hMSC differentiation toward osteogenic and
chondrogenic lineages. This study provides transcriptomic insight
on the role of surface-mediated cellular signaling triggered by
nanomaterials and enables development of nanomaterials-based
therapeutics for regenerative medicine. This approach in under-
standing nanomaterial–cell interactions illustrates how change in
transcriptomic profile can predict downstream effects following
nanomaterial treatment.
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Two-dimensional nanomaterials have gained unprecedented
attention due to their unique atomically thin, layered, and

well-defined structure that provides distinctive physical and
chemical properties compared with bulk 3D counterparts (1–3).
As the dimensions of 2D nanomaterials are only a few nanometers
thick, they interact with biological moieties in a unique way and
have raised exciting questions about their interactions with cellular
components. In addition, different physical (e.g., size, shape, and
charge) and chemical characteristics of 2D nanoparticles have a
multitude of effects on cells including toxicity, bioactivity, or
therapeutic capabilities, which are not well understood (4, 5).
Understanding cellular responses following treatment with

nanomaterials will aid in evaluating their application for a range
of biomedical and biotechnology applications. Recent emer-
gence in “omics” techniques providing readouts of different
biological processes, have allowed us to understand complex
biological interactions of synthetic nanoparticles and their tox-
icity (6–9). Specifically, transcriptomics and proteomics have laid
down the necessary foundation to provide an unbiased global

view of the cellular activity with pivotal insights about the af-
fected cellular pathways. Based on these results, a range of
nanotechnology-based platforms have been developed for mo-
lecular diagnostics and genome-wide analysis (10). We propose to
utilize transcriptomics, high-throughput sequencing of expressed
transcripts (RNA-seq), to provide a holistic view of nanomaterial
interactions with the cellular machinery. RNA-seq is a power-
ful tool for an accurate quantification of expressed transcripts
that largely overcomes limitations and biases of microarrays
(11–13). In this study, we will evaluate the potential of bioactive
2D nanomaterials for regenerative medicine by uncovering mo-
lecular targets and affected signaling pathways at the whole-
transcriptome level.
Synthetic 2D nanoclays have been recently evaluated for re-

generative medicine applications, due to their biocompatible char-
acteristics, high surface-to-volume ratio, and uniform shape
compared with other types of 2D nanomaterials (3, 14–16). Synthetic
clays such as nanosilicates (Na+0.7[(Mg5.5Li0.3Si8O20(OH)4]

−
0.7,

Laponite XLG) have disk-shaped morphology and exhibit a dual
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We demonstrate the use of next-generation sequencing tech-
nology (RNA-seq) to understand the effect of a two-dimensional
nanomaterial on human stem cells at the whole-transcriptome
level. Our results identify more than 4,000 genes that are sig-
nificantly affected, and several biophysical and biochemical
pathways are triggered by nanoparticle treatment. We expect
that this systematic approach to understandwidespread changes
in gene expression due to nanomaterial exposure is key to de-
velop new bioactive materials for biomedical applications.

Author contributions: J.K.C., L.M.C., I.S., and A.K.G. designed research; J.K.C., L.M.C.,
R.W.R., M.K.J., and I.S. performed research; J.K.C., L.M.C., R.W.R., C.A.G., R.K., I.S., and
A.K.G. analyzed data; and J.K.C., L.M.C., I.S., and A.K.G. wrote the paper.

Conflict of interest statement: J.K.C. and A.K.G. are coauthors on US Patent Application
No. WO2017112802 A1 published on June 29, 2017 (US Provisional Patent Application No.
62/270,403 filed on December 21, 2015).

This article is a PNAS Direct Submission.

This open access article is distributed under Creative Commons Attribution-NonCommercial-
NoDerivatives License 4.0 (CC BY-NC-ND).

Data deposition: The data reported in this paper have been deposited in the Gene Ex-
pression Omnibus (GEO) database, https://www.ncbi.nlm.nih.gov/geo (accession no.
GSE108638).
1J.K.C. and L.M.C. contributed equally to this work.
2To whom correspondence may be addressed. Email: is327@cornell.edu or gaharwar@
tamu.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1716164115/-/DCSupplemental.

Published online April 11, 2018.

www.pnas.org/cgi/doi/10.1073/pnas.1716164115 PNAS | vol. 115 | no. 17 | E3905–E3913

EN
G
IN
EE

RI
N
G

PN
A
S
PL

U
S

http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1716164115&domain=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://www.ncbi.nlm.nih.gov/geo
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE108638
mailto:is327@cornell.edu
mailto:gaharwar@tamu.edu
mailto:gaharwar@tamu.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1716164115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1716164115/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1716164115


Classification Pixels %

Unmapped 481664 99.43
Nanosilicates

(red) 2752 0.57

2D Nanosilicates

A B

50 nm

E

G

hMSCs
(Control)

hMSCs_nSi
(Nanosilicates)

C

Mitochonrial membrane (GO:0031966)
Endosome (GO:0005768)

Plasma membrane region (GO:0098590)
Extracellular matrix (GO:0031012)

Cell surface (GO:0009986)
Cytosolic ribosome (GO:0022626)

Focal adhesion (GO:0005925)

0 5 10 15

Signaling receptor activity (GO:0038023)
Basal transcription machinery binding (GO:0001098)

GTPase regulator activity (GO:0030695)
Collagen binding (GO:0005518)

Ion transmembrane transporter activity (GO:0015075)
Cytoskeletal protien binding (GO:0008092)

Actin binding (GO:0003779)
Structural molecule activity (GO:0005198)

-log10(p-value)
0 5 10

Clatherin-mediated endocytosis (GO:0072583)
BMP signaling (GO:0030509)

Canonical Wnt signaling pathway(GO:0060070)
Notch signaling pathway (GO:0007219)

TGF-  receptor signaling pathway (GO:0007179)
Positive regulation of MAPK cascade (GO:0043410)

Response to oxidative stress (GO:0006979)
Positive regulation of intracellular signal transduction (GO:1902533)

Endochondral bone growth (GO:0003416)
Cellular response to oxygen levels (GO:0071453)

Cell morphogenesis involved in differentiation (GO:0000904)
Positive regulation of cell proliferation (GO:0008284)

Endocytosis (GO:0006897)
Cellular response to growth factor stimulus (GO:0071363)

Extracellular matrix organization (GO:0030198)
Protein targeting to membrane (GO:0006612)

Protein localization to endoplasmic reticulum (GO:0070972)

0 5 10 15

Biological Processes

Cellular Components

Molecular Function

F

Plasma
 protein

104 10 7.2105 106

C
ou

nt
 (a

.u
)

FL2-A

100
g/mL

10
g/mL

1
g/mL

hMSCs

RED-Nanosilicates GREEN-Lysosome

Co-localization of nanosilicates and lysosome

No I
nh

ibi
tor

W
ort

man
nin

Nys
tat

in

Chlo
rpr

om
az

ine

hM
SCs

Fl
uo

re
sc

en
ce

 (a
.u

.) ***

**

0

0.5

1

D

1.5

REVIGO Gene Ontology treemap
(GO related to Cellular Components)

Cell
surface

Cytosolic
ribosome Endosome

Extracellular
matrix

Focal
adhesion

Side of
membrane Others

Z score

Nanosilicates Internalization

-log10(p-value)

-log10(p-value)

H

JUND

ID2

TXNIP

FN1

CIB1

COL11A1

CDK6 PRRX1PDGFRA

HIPK2

NOTCH2

FGF5

TGM2

IL6ST

WISP1

ITGAV

IGFBP2

MDFI

EGF

EGFR

MUC20

RGS4

IGFBP3

TAOK1 C1QTNF1

CLTB

HMOX1

APOE

CLTCL1

RAMP1
ANKFY1

MIB1

FCHO2
WASL

CBL

WNT5A

AFAP1

COL1A1ACAN
TGFB1

HAS1

SMOC1

HRAS

MET
ECT2

DMPK
PAK2

DDIT4

CCND1INHBA

NRP1

ANGPT4
AHR

TGFBR2

SOCS5
IRS1

COMP
EP300

Basic Cell 
Processes

Endocytosis

Kinase
Signaling

Stemness/
Regenerative

Capacity

Fig. 1. Biophysical interaction of nanosilicates and hMSCs. (A) Two-dimensional nanosilicates electrostatically bind to proteins from biological fluids and are sub-
sequently internalized by cells via surface-mediated endocytosis. (B) Hyperspectral imaging indicating distribution of nanosilicates throughout the cell body following
endocytosis. The image was captured from transverse section of cell body. (C) Flow cytometry analysis of rhodamine-tagged nanosilicates demonstrate dose-dependent
cellular uptake. The nanosilicates were primarily internalized via clathrin-mediated process (chlorpromazine) as opposed to macropinocytosis (wortmannin) or caveolar-
mediated (nystatin). **P< 0.01; ***P < 0.001. (D) LAMP1 staining (green) for lysosomalmembranes further tracks nanosilicates (red) following endocytosis. (E) Row-scaled
z-scores of quantile normalized gene expression [in log2(RPKM)] of >4,000 genes following treatment with nanosilicates (padjust < 0.05, red, up-regulated: 1,897 genes;
blue, down-regulated: 2,171 genes). (F) Significant GO terms of associated biological processes, cellular components, andmolecular functions from differentially regulated
genes (P < 0.05). Terms related to biological process and cellular components indicate strong biophysical interactions between cells and nanosilicates. (G) Clustering of
significant 244 cellular component gene ontology (GO) terms into broader cellular component categories. (H) Gene network displaying interconnected genetic targets
after nanosilicate treatment with high degrees of expression and statistical significance (red, up-regulated; blue, down-regulated; size increases with significance).
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charged surface (17–19). Nanosilicates dissociate into nontoxic
products [Na+, Mg2+, Si(OH)4, Li

+] in physiological conditions and
show 1/10th of the cytotoxicity [inhibitory concentration (IC50) ∼
4 mg/mL] (20, 21) compared with other 2D nanomaterials such as
graphene (IC50 ∼ 100 μg/mL) (22). These 2D nanosilicates are
investigated for a range of biomedical applications including tissue
engineering, drug and therapeutic delivery, and bioprinting (23–
26). While these studies have generated encouraging results for
2D nanosilicates, their interactions affecting the transcriptome
profiles remain unknown.
Here, we investigate the interactions of 2D nanosilicates with

human mesenchymal stem cells (hMSCs) by employing tran-
scriptome dynamics to uncover triggered biophysical and bio-
chemical cellular pathways. In doing so, we observed widespread
changes in gene expression profile (>4,000 genes) following
nanosilicate exposure, which has not been reported previously.
In addition, transcriptomic dynamics of nanosilicate-treated
hMSCs identifies key genes and enriched gene ontology (GO)
pathways and categories related to stem cell differentiation,
specifically toward osteochondral lineages. We validated the
RNA-seq findings using in vitro studies, which support the ability
of nanosilicates to direct hMSC differentiation toward bone and
cartilage lineages. Our study also investigated surface-mediated
kinase signaling triggered by 2D nanosilicates. This work enables
further development of nanomaterial-based therapeutics for re-
generative medicine. More generally, transcriptomic analysis by
next-generation sequencing provides a comprehensive and objec-
tive snapshot of cellular behavior following nanomaterial exposure/
attachment. Furthermore, this study demonstrates the utility of
next-generation sequencing for the study of cellular interactions on
nanoengineered substrates and the role this approach is likely to
play in this rapidly expanding field of regenerative medicine.

Biophysical and Biochemical Characterization of
Nanosilicates
Chemical and structural characteristics of 2D nanomaterials will
dictate their interactions with cells (5). A range of material
characterization techniques was used to establish the chemical
composition, crystalline nature, shape, and size of nanomaterials
(27). Transmission electron microscopy (TEM) showed that
nanosilicates were 20–50 nm in diameter (Fig. 1A and Fig. S1A).
X-ray photoelectron spectroscopy (XPS) revealed the presence of
oxygen (54.68%), silicon (28.99%), magnesium (15.27%), sodium
(0.84%), and lithium (trace), which is similar to expected stoi-
chiometry (Na+0.7[(Mg5.5Li0.3Si8O20(OH)4]

−
0.7) (Fig. S1B). The

thickness of nanosilicates was determined to be around 1–2 nm
using atomic force microscopy (AFM) (Fig. S1C). The crystalline
structure of nanosilicates was corroborated by observing charac-
teristic diffraction planes (001), (100), (005), (110), (200), and
(300) using X-ray diffraction (XRD) (Fig. S1D). After exfoliation,
a decrease in 2θ (20.1° to 16.8°) for diffraction plane (100), indi-
cates an increase in d-spacing between nanosilicates.
In biological media, such as blood plasma, synovial fluid, or

even culture media, the surface of nanoparticles becomes coated
with various biomolecules forming a protein corona. Often-
times, this initiates internalization of nanoparticles via receptor-
mediated endocytosis (Fig. 1A). The binding of proteins to the
nanosilicate surface was evaluated by monitoring hydrodynamic
diameter (DH) and zeta potential (ζ). After mixing nanosilicates
with media (containing FBS), zeta potential of the nanoparticles
shifted from −40 to −25 mV, indicating that the negatively
charged surface of the nanosilicates was coated with biomole-
cules. Similarly, an increase in hydrodynamic diameter was ob-
served from ∼45 to ∼90 nm after placement in biological media.
These results indicated that nanosilicate surfaces strongly inter-
acted with biomolecules via electrostatic interactions to result in
physical adsorption, thereby enhancing interactions at the nano–
bio interface.

The effect of nanosilicates on cell health was evaluated by
monitoring cytoskeletal organization, metabolic activity, and cell
cycle (Fig. S2). An investigation into cell health via metabolic
and viability assays [Alamar Blue and 3-(4, 5-dimethylthiazolyl-
2)-2,5-diphenyltetrazolium bromide (MTT)] confirmed cyto-
compatibility of nanosilicates until the concentration of nanosilicates
reached 100 μg/mL. In addition, hMSCs treated with nanosilicates
showed similar cytoskeletal organization to untreated hMSCs. Cell
cycle analysis also supported that the majority of cells were in G1 and
G2 phases when treated with<100 μg/mL nanosilicates. These studies
highlight that nanosilicates are cytocompatible.

Receptor-Mediated Endocytosis of Nanosilicates
The adsorbed proteins on the nanomaterial surface are predicted to
influence cell surface receptor-mediated cellular uptake. We used
hyperspectral imaging (28) to visualize internalized nanosilicates
(Fig. 1B) without requiring chemical modifications that could have
impacted uptake dynamics. Flow cytometry also demonstrated up-
take of fluorescently labeled nanosilicates in a concentration-
dependent manner (Fig. 1C and Fig. S3A; R2 = 0.996).
The mechanism behind nanosilicate (50 μg/mL) internaliza-

tion was evaluated using chemical inhibitors to block specific
endocytic pathways. We observed a significant decrease in cel-
lular uptake of nanosilicates (79.5% reduction) when treated
with a clathrin inhibitor (chlorpromazine hydrochloride) (Fig.
1D). Alternatively, other endocytic mechanisms such as caveolar-
mediated (nystatin) and macropinocytosis (wortmannin) played a
less prominent role in nanosilicate uptake. Furthermore, nano-
silicate binding to the cell membrane and subsequent rapid in-
ternalization within 5 min (Fig. S3B) are consistent with clathrin
vesicle dynamics (29). Colocalization of nanosilicates near or
within lysosomal vesicles further confirmed nanosilicate trafficking
(Fig. 1D). These results indicated that nanosilicates are readily
internalized by cells via clathrin-mediated endocytosis and trans-
ported to degradative cell machinery.
Following uptake, nanosilicates remained within the cell for

more than 7 d and were not exocytosed or dissociated immedi-
ately. The retention of nanosilicates by cells was determined
using flow cytometry. A steady decrease was observed over a
course of 7 d in cells staining positive for nanosilicates, that is,
day 1 (96.3 ± 4.8%), day 3 (69.0 ± 10.6%), and day 7 (32.8 ±
19.5%) (Fig. S3C). To further confirm this, we monitored
nanosilicate retention by cells over a week with inductively
coupled plasma mass spectrometry (ICP-MS) (Fig. S3D). The
nanosilicate content was decreased by 31% on day 7, compared
with day 1. Over the course of 7 d, cells also maintained an
enhanced lysosomal vesicle response (Fig. S3C). The stability of
nanosilicates in physiological microenvironment was evaluated at
pH 7.4 (mimicking cell body) and pH 5.5 (mimicking an in-
tracellular compartment such as lysosome). A significantly higher
release of minerals at pH 5.5 was observed compared with 7.4,
indicating the predicted in vitro dissociation of nanosilicates. After
7 d, release of silicon (∼10%), magnesium (∼6%), and lithium
(∼16%) was observed at pH 5.5. These results indicate that
nanosilicates were retained by hMSCs and possibly dissociate
within lysosomes over a course of 7 d.
Dissolution of nanosilicates inside cells can trigger bio-

chemical signaling via release of minerals in the cytosol. Earlier
studies have shown that mineral ions can significantly influence
cell functions. For example, silicon ions have been shown to di-
rect stem cell differentiation by triggering cWnt signaling pathways
and are critical for cartilage development (30, 31). Likewise,
magnesium ions have been shown to up-regulate production of
COL10A1 and VEGF in hMSCs (32). Lithium, an inhibitor of
glycogen synthetase kinase-3β (GSK-3β), activates Wnt-responsive
genes by elevating cytoplasmic β-catenin (33, 34). These studies
suggest that intracellular release of ionic dissolution products
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of nanosilicates [Si(OH)4, Mg2+, Li+] could stimulate hMSC
differentiation.

Widespread Transcriptomic Changes Triggered by
Nanosilicates
Sequencing of expressed mRNAs by RNA-seq can be used to
determine genome-wide changes in gene expression resulting
from cellular response to external stimuli (35). hMSCs
(2,500 cells per cm2) were exposed to nanosilicates (50 μg/mL),
and whole-transcriptome sequencing (RNA-seq) was performed
after 7 d (Materials and Methods). The 7-d time point was chosen
to provide a broad overview of cell processes, ranging from en-
docytosis and proliferation to early differentiation. Two repli-
cates of untreated and treated hMSCs were sequenced. The
sequenced reads were aligned to reference genome (hg19) using
RNA-seq aligner. The normalized gene expression levels were
determined by calculating the reads per kilobase of transcript per
million (RPKM) (Fig. S4 A and B). The replicates for both the
conditions showed high concordance (r = 0.99, Fig. S4C). We
used generalized linear models (GLMs) to identify differential
gene expression (DGE) between nanosilicate treated hMSCs
and untreated hMSCs (SI Materials and Methods). This com-
parison revealed significant changes in the expression level of
4,068 genes (Fig. 1E and Dataset S1; 1,897 up-regulated genes,
2,171 down-regulated genes, false-discovery rate-adjusted P <
0.05). Such widespread changes in gene expression profile have
not been reported earlier. For example, human dermal fibroblast
cells treated with gold nanoparticles were shown to differentially
regulate 1,439 genes (36), while another study demonstrated that
human immune cells treated with graphene oxide experienced
differential regulation of 1,147 genes (37). It is important to note
that these previously reported studies were performed using
microarrays (36, 37) and the widespread effect of nanoparticles
on whole transcriptome was not investigated. Thus, our result
strongly suggests that nanoparticle treatment leads to a wide-
spread cellular response that is reflected by the change in tran-
scriptome profile of hMSCs treated with nanosilicates, requiring
further exploration into prominent cellular pathways.
DGE following nanosilicate introduction spanned a host of

cellular processes and functions. To identify the key biological
processes and pathways that are affected when the cells interact
with nanosilicates, we performed GO enrichment analysis for the
three GO categories [biological processes (BP), cellular compo-
nents (CC), and molecular functions (MF)]. Nanosilicate treatment
showed significant enrichment for 1,132 GO terms (P < 0.05), in-
cluding 884 for BP, 134 for CC, and 114 for MF (Fig. S4D and
Dataset S2). We then narrowed down key GO terms based on high
significance (P value) in each category to highlight the widespread
effect of nanosilicates on hMSCs (Fig. 1F). The key GO terms
significantly enriched in BP were endocytosis (GO:0006897) and
endochondral bone growth (GO:0003416). The analysis also in-
dicated positive regulation of mitogen-activated protein kinase
(MAPK) cascade (GO:0043410), transforming growth factor-β
(TGF-β) receptor signaling pathway (GO:0007179), notch signal-
ing pathway (GO:0007219), canonical Wingless (cWnt) signaling
pathway (GO:0060070), and bone morphogenic protein (BMP)
signaling (GO:0030509). GO analysis also supported our observa-
tion that nanosilicates are internalized via clathrin-mediated en-
docytosis (GO:0072583). Overall, the GO enrichment analysis
indicated that the predominant downstream effect of nanosilicates
was on kinase activity, cell differentiation, and extracellular matrix
(ECM) reorganization.
Functional annotation clustering performed using Database

for Annotation Visualization and Integrated Discovery (DAVID)
(38) highlights the role of cell membrane-mediated signaling
due to nanosilicate treatment (Dataset S3). We then used
REVIGO (39) to refine the extensive list of significant CC GO
terms by reducing functional redundancies and clustering the

terms based on semantic similarity measures. GO for CC was
enriched for cytosolic, ribosome, focal adhesion, and endosomal
processes (Fig. 1G and Fig. S4E). These results further suggested
a sequence of events initiated at the cell membrane through
protein localization to membrane (GO:0072657) and endocytic
vesicle formation (GO:0006897, GO:0006898) accompanied by
protein targeting to membrane (GO:0006612), and trafficking by
lysosome (GO:0043202, GO:0005764). Specifically, genes in-
volved in clathrin-mediated endocytosis (GO:0072583) like
CLTCL1, which encodes a major protein of the polyhedral pit and
vesicle coat, were significantly affected (Dataset S1). To validate
the clathrin-mediated endocytosis, change in expression level of
CLTCL1 was confirmed using quantitative reverse transcription–
PCR (qRT-PCR) (Fig. S4F). We then clustered differentially
expressed genes (P < 0.05) using Cytoscape (40) into different
cellular processes such as basic cell processes, kinase signaling,
endocytosis, and stemness/regenerative capacity (SI Materials
and Methods). Networks between genes from same pathways
were generated to illustrate connected and interdependent genes
regulated by nanosilicate treatment (Fig. 1H and Fig. S5).
Overall, these results demonstrate that nanosilicates significantly
affect the transcriptomic profile of hMSCs, which can translate
to measurable changes in behavior.

Nanosilicates Activate Surface-Mediated Signaling
The high surface-to-volume ratio and dual charged surface of
nanosilicates are expected to facilitate strong interactions with
the cell membrane. The physical interactions between cells and
nanoparticles are expected to stimulate a variety of intracellular
signaling events including proliferation and differentiation (5, 41,
42). Accordingly, a significant change in expression of upstream
regulators of Ras (e.g., RalB, DDIT4, and HRAS) and Rho (e.g.,
DMPK, PAK2, and ECT2) subfamilies of GTPases was observed
upon nanosilicate treatment (Dataset S1). These Ras and Rho
genes are associated with peptidyl-serine phosphorylation
(GO:0033135) and protein serine/threonine kinase activity
(GO:0071900). Both Ras and Rho GTPase subfamilies affect cell
behaviors such as cytoskeletal arrangement, cell migration, and
stem cell fate (43, 44). From analyzing enriched GO pathways
related to stress, two prominent membrane-activated cascades
emerged: the MAPK cascade and Janus kinase/signal transducers
and activators of transcription (JAK/STAT) pathway (Fig. 2A).
Genetic markers specific to extracellular signal-regulated kinases
(ERKs) ERK1/ERK2 regulation (GO:0070374, GO:0071363),
stress-activated MAPK (GO:0032872, GO:0031098) cascades,
and JAK/STAT cascade (GO:0007259) were also significantly
altered following nanosilicate treatment. Among these enriched
GO terms, multiple genes displayed notable log2fold changes in ex-
pression such as IGFBP2 (insulin-like growth factor binding protein
2) (log2fold: 1.358), IGFBP3 (1.149), TAOK1 (−1.864), PDGFRA
(−1.394), and HIPK2(−1.237). A significant change in gene expres-
sion of key MAPK signaling regulators was observed (Fig. S6B).
We also observed that a large number of genes (76 out of

170 genes) related to stress-activated protein kinase signaling
(GO:0031098) were differentially expressed due to nanosilicates
treatment (Fig. 2B). Specifically, TAOK1, TXNIP, and MAP4K4
exhibited a distinct difference in expression between nanosilicate-
treated hMSCs compared with control hMSCs (Fig. 2C and Fig.
S6C). TAOK1 is an activator of the p38/MAPK14 stress-activated
MAPK cascade (45). The change in mRNA expression levels of
TAOK1 via RNA-seq was further validated using qRT-PCR
(Fig. 2D). These data strongly support the ability of nano-
silicates to stimulate MAPK cascade, specifically that of the
ERK and p38 pathways (Fig. 2E).
To experimentally validate the cross talk between MAPK sig-

naling pathways following nanosilicate treatment, flow-cytometric
analysis was performed. Reactive oxygen species (ROS) produced
by cells treated with and without nanosilicates in presence of
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Fig. 2. Nanosilicates lead to stress-inducedMAPK signaling. (A) Nanosilicate treatment results in activation of stress-related response. A list of significant GO terms related
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ERK inhibitor [PD184352, mitogen-activated protein kinase
1/2 (MEK1/2) inhibitor] were monitored using a ROS-sensitive
reporter fluorophore (Fig. 2F). ROS play a role in the ERK
pathway via cross talk from mitogen-activated protein kinase
kinase kinases (46). For nanosilicate-treated hMSCs, a signifi-
cant reduction in ROS production was observed due to the
presence of ERK inhibitor as seen by reduced fluorescence
signal (∼32% reduction, P < 0.05). This reduction in ROS
production via the ERK inhibitor indicates the stimulation of
MAPK signaling, specifically that of ERK, by the nanosilicates.
The mechanism of this activation may stem from the bio-
physical cell–nanoparticle interaction, biochemical dissolution,
or both in conjunction. This study validates that hMSCs rec-
ognize and respond to nanosilicates by engaging intracellular
programs such as MAPK cascade (ERK1/2 and p38 kinases).
While RNA-seq analysis provided insight about the role of

nanosilicate in stimulating MAPK-related pathways, including
those typically stimulated by growth factors in addition to
stress-responsive kinases, monitoring protein levels can fur-
ther provide functional evidence. Differential expression was
observed in both upstream (e.g., Ras, PRKCA, and BRAF) and
downstream (e.g., ELK1, MKNK2) genes of MEK1/2. In the
MAPK/ERK cascade, MEK1 and MEK2 control cell growth
and differentiation (47). Activation of MEK1 and MEK2 occurs
through phosphorylation by Raf. MEK1/2 inhibitors have been
used extensively to implicate ERK1/2 in a wide array of bi-
ological events. To validate MAPK/ERK pathways, we moni-
tored synthesis and phosphorylation of MEK1/2 (p-MEK1/2)
with and without a MEK1/2 inhibitor (Fig. 2G) via Western
blot. hMSCs had relatively low production of p-MEK1/2, while
nanosilicate treatment results in more than sixfold increase in
p-MEK1/2. In the presence of MEK1/2 inhibitor, production of
p-MEK1/2 in the presence of nanosilicates was suppressed,
demonstrating the role of nanosilicates in activating the MAPK/
ERK pathway.
Beyond intracellular phosphorylation events within MAPK cas-

cades, we also observed genes that play a role in controlling
background processes of hMSCs, like multipotency and motility,
that have been identified in previous literature (48). RNA-seq
analysis revealed a significant change in gene expression: AFAP1
(log2foldΔ: −1.152), SOCS5 (−1.192), WNT5A (−1.162), INHBA
(−1.179) from a variety of pathways including TGF-β, JAK/STAT,
Wnt/β-catenin, and phosphatidylinositol-3-kinase (PI3K) signaling.
As this subset of genes is involved in cell proliferation, stromal cell
multipotency, and extracellular matrix production (49–51), nano-
silicates may therefore improve functional tissue regeneration.
Therefore, we were prompted to investigate these downstream
pathways using molecular analysis techniques.

Nanosilicates Direct Stem Cell Differentiation
Following nanosilicates treatment, activation of the membrane
can lead to differentiation and extracellular matrix deposition,
following an ERK-based cascade. The kinase signaling follows
similar progressions in hMSCs after growth factor stimulation to
promote osteochondral differentiation (52–56). Evidence of
hMSC inclination toward bone and cartilage lineages following
nanosilicate treatment was observed with GO term enrichment
(Fig. 3A and Fig. S7). GO pathways and biological processes re-
lated to osteogenesis, such as bone development (GO:0060348),
endochondral bone growth (GO:0003416), biomineral tissue de-
velopment (GO:0031214), and canonical Wnt signaling pathway
(GO:0060070) were favored toward osteogenesis. For chondro-
genesis, cellular response to transforming growth factor-β stimulus
(GO:0071560), cartilage development involved in endochondral
bone morphogenesis (GO:0060351), and hyaluronan metabolic
process (GO:0030212) were significantly altered. We observed
a large fraction of genes with differential expression due to
nanosilicate treatment. For example, 49 out of 92 genes were

differentially expressed for bone development (GO:0060348),
while 10 out of 14 genes were differentially expressed for
cartilage development (GO:0060351) (Fig. 3B). Genes from
these GO categories including cartilage oligomeric matrix
protein (COMP), collagen type I α1 chain (COL1A1), collagen
type XI α1 chain (COL11A1), and aggrecan (ACAN), were
significantly up-regulated due to nanosilicate treatment (Fig.
3C and Fig. S8A). We further validated these genes using qRT-
PCR and observed comparable gene expression to that of
RNA-seq (Fig. 3D).
To ensure that the mRNA detected represented up-regulated

protein levels, a Western blot for COMP and COL1A1 was per-
formed on day 7. Both COMP and COL1A1 protein showed a
significant increase in expression due to nanosilicate treatment,
indicating their role in hMSC differentiation (Fig. 4A). Based on
the changes in transcriptomic profile and in vitro validation, we
hypothesize that the activation of MAPK/ERK pathways by
nanosilicates may lead to differentiation into osteochondral
lineages. To confirm the role nanosilicate in stimulating MAPK/
ERK signaling for hMSC differentiation, a MEK1/2 inhibitor was
utilized and resulted in a significant decrease in COMP protein
synthesis (Fig. S8B). This indicated the role of nanosilicates in
the activation of MAPK/ERK signaling to direct the differenti-
ation of hMSCs.
Finally, to further substantiate the ability of nanosilicates to

drive hMSC differentiation toward bone and cartilage lineages,
staining of lineage-specific proteins and matrix mineralization
was performed. The effect of nanosilicates on chondrogenic
and osteogenic differentiation was monitored by subjecting
nanosilicate-treated hMSCs to chondro-conductive (lacking
TGF-β) and osteo-conductive [lacking bone morphogenetic
protein 2 (BMP2) or dexamethasone] media. After 21 d, pro-
duction of chondro- and osteo-related ECM was observed even
in the absence of inductive supplements. An increase in both
glycosaminoglycan (GAGs) and aggrecan production were
observed in nanosilicate-treated hMSCs indicating chondro-
genic differentiation (Fig. 4B), while for osteogenic differen-
tiation, an increase in alkaline phosphatase (ALP) production
as well as matrix mineralization (calcium phosphates) were
observed after nanosilicate treatment (Fig. 4C). These results
validate the ability of nanosilicates to induce hMSC differen-
tiation into the bone and cartilage lineages without the use of
inductive agents and growth factors.
The broader relevance of our study is that “omics” techniques

can be used to determine the effect of nanomaterials on cells in a
nontargeted and nonbiased approach. The physicochemical
properties of engineered nanomaterials such as size, shape,
surface charge, and chemical composition will have profound
effects on cellular behavior (5, 41). Therefore, we do not spec-
ulate that the transcriptomic changes observed in this study will
be universal to all type of nanomaterials or even single-cell
analyses. Recent studies have used bulk population “omics”
approaches to understand nanotoxicology and mechanism-based
risk assessment of nanomaterials (57, 58). The current study
demonstrates the capabilities of next-generation sequencing to
monitor mRNA expression levels in the cell after nanomaterial
treatment. Our approach overcomes the limitation of measuring
expression levels of preselected genes on microarrays, which can
therefore identify previously neglected cellular signaling path-
ways relevant for regeneration. Additionally, RNA-seq delivers a
low background signal and sequenced reads that can be un-
ambiguously mapped to unique regions of the genome, which
will help in sensitive and precise identification of the expressed
genes. The transcriptomic insight on the role of surface-
mediated cellular signaling supports the ability of nanosilicates
to induce hMSC differentiation into bone and cartilage lineages
in the absence of inductive agents. This insight can assist in re-
ducing or eliminating the use of supraphysiological doses of growth
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Fig. 3. Transcriptomic analysis elucidates nanosilicate-induced bioactivity. (A) GO terms related to osteogenesis and chondrogenesis indicate nanosilicate-
induced hMSC differentiation. (B) Significant gene expression changes in genes involved in bone development (GO:0060348) and cartilage development
(GO:0060351). (C) Gene expression profile of COMP, COL11A1, and ACAN, demonstrating up-regulation due to nanosilicate treatment (aligned reads nor-
malized by total library size). (D) Differential gene expression from RNA-seq was validated using qRT-PCR, indicating similar trend.
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factors currently employed in clinical practice for regenerative
therapies. These omics techniques can likewise reveal cell–
material interactions unique to specific nanoparticles and can
contribute directly to the design of bioactive nanomaterials for
regenerative medicine.

Conclusion
Overall, we investigated a transcriptomic snapshot of hMSCs in
which a widespread change in transcriptomic profile was observed
in response to nanosilicate exposure. The transcriptomic changes
observed due to nanosilicate treatment likely originate from both
biophysical and biochemical mechanisms. The interaction of
nanosilicates with the cell membrane stimulated various surface
receptors, including the stress-responsive and surface receptor-
mediated MAPK pathways. Similarly, the data indicate that in-
ternalization of nanosilicates and subsequent release of mineral
ions trigger biochemical signaling that could promote osteochon-
dral differentiation of hMSCs. Accordingly, analysis of the tran-
scriptomic snapshot of hMSCs treated with nanosilicates uncovered
families of genes related to osteochondral differentiation. In vitro
studies validated the RNA-seq findings and further supported the
observation that nanosilicates have the capacity to direct hMSC
differentiation toward bone and cartilage lineages. Last, RNA-seq
emerged as a viable technique to evaluate the regenerative po-
tential of novel nanomaterials.

Materials and Methods
See Supporting Information for detailed materials and methods. Detailed
methods for nanoparticle characterization, in vitro studies, and whole-
transcriptome sequencing can be found in SI Materials and Methods.

Nanoparticle Characterization. Synthetic clay nanosilicates (Laponite XLG,
Na+0.7[(Mg5.5Li0.3Si8O20(OH)4]

−
0.7) were obtained from BYK Additives. Struc-

tural, physical, and chemical properties of nanosilicates were characterized via
ICP-MS (elemental analysis; NexION 300D; PerkinElmer) and XPS (Omicron XPS
system with Argus detector), XRD (Bruker D8 Advanced), AFM (Bruker Di-
mension Icon Nanoscope), and TEM (JEOL JEM-2010).

In Vitro Analysis. hMSCs, obtained from Texas A&M Institute for Regenerative
Medicine, were cultured under basal media conditions and used for all ex-
periments. Nanosilicate trafficking and cytocompatibility were monitored
using standard assays. For gene and protein expression, hMSCs were treated
with and without nanosilicates (50 μg/mL) for 48 h; nanosilicates were then
removed and cells were cultured under normal conditions for an additional
5 d. qRT-PCR and Western blot analysis were performed with standard
protocols to validate gene expression and corresponding protein expression.
For differentiation studies, hMSCs were treated with either osteogenic
(normal media supplemented with 10 mM β-glycerophosphate and 50 μM
ascorbic acid) or chondrogenic media (DMEM supplemented with 1% ITS+,
10−7 M dexamethasone, and 1 mM sodium pyruvate) with and without
nanosilicates.

Whole-Transcriptome Sequencing. hMSCs were treated with and without
nanosilicates (50 μg/mL) for 48 h; nanosilicates were then removed and cells
were cultured under normal conditions for an additional 5 d. Samples
were analyzed via a high-output HiSeq platform with TruSeqRNA sample
preparation and single-end read length of 125 bases. The sequenced
reads were trimmed and aligned to the human genome (hg19). GLMs were
used to identify the differentially expressed genes where the expres-
sion counts were modeled as negative binomial distribution. Only genes
with a P adjusted value (false-discovery rate) of less than 0.05 were in-
cluded within the network and subsequent GO term network formation.
Data were analyzed using Cytoscape, GeneMANIA, ClueGO, and DAVID
bioinformatics resources.
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Fig. 4. Nanosilicate-induced hMSCs differentiation. (A) Western blot showing production of COL1A1 and COMP after exposure to nanosilicates for 7 d in
normal media. (B) The effect of nanosilicates on production of GAGs was determined by safranin O and aggrecan staining after culturing hMSCs in chondro-
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Statistical Analysis. For in vitro studies, significance was determined via one-
way ANOVAwith post hoc Tukey tests. For statistical analysis of RNA-seq data,
see Supporting Information.
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