COMMUNICATION

ADVANCED
MATERIALS

Stem Cell Differentiation

www.advmat.de

Nondestructive Real-Time Monitoring of Enhanced
Stem Cell Differentiation Using a Graphene-Au Hybrid

Nanoelectrode Array
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and Ki-Bum Lee*

Stem cells have attracted increasing research interest in the field of
regenerative medicine because of their unique ability to differentiate

into multiple cell lineages. However, controlling stem cell differentiation
efficiently and improving the current destructive characterization methods
for monitoring stem cell differentiation are the critical issues. To this end,
multifunctional graphene-gold (Au) hybrid nanoelectrode arrays (NEAs)
to: (i) investigate the effects of combinatorial physicochemical cues on
stem cell differentiation, (ii) enhance stem cell differentiation efficiency
through biophysical cues, and (iii) characterize stem cell differentiation in
a nondestructive real-time manner are developed. Through the synergistic
effects of physiochemical properties of graphene and biophysical

cues from nanoarrays, the graphene-Au hybrid NEAs facilitate highly
enhanced cell adhesion and spreading behaviors. In addition, by varying
the dimensions of the graphene-Au hybrid NEAs, improved stem cell
differentiation efficiency, resulting from the increased focal adhesion
signal, is shown. Furthermore, graphene-Au hybrid NEAs are utilized to
monitor osteogenic differentiation of stem cells electrochemically in a
nondestructive real-time manner. Collectively, it is believed the unique
multifunctional graphene-Au hybrid NEAs can significantly advance stem-

Stem-cell-based regenerative medicine
has attracted increasing attention in
the area of biomaterial science and
tissue engineering. For example, stem-
cell-based approaches hold great potential
in treating many musculoskeletal diseases
and injuries.!l However, the ability to
differentiate stem cells into specific cell
types of interest (e.g., bones, cartilages,
and muscles) in a highly selective and
efficient manner, and the development
of nondestructive, real-time characteriza-
tion methods to assay stem cell differen-
tiation are crucial in harnessing the full
potential of stem-cell-based biomaterial
applications.?3]

Conventional methods to control stem
cell differentiation using soluble cues such
as growth factors, cytokines, and small
organic molecules have shown limited
success in achieving high differentiation
specificity and efficiency. Recent findings
show that biophysical (or insoluble) cues
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also play a critical role in guiding stem
cell differentiation.  Encompassing
nanotopographical and mechanical prop-
erties of microenvironment, biophys-
ical cues are known to be effective regulators of cytoskeletal
dynamics and downstream gene expression (e.g., extracellular
matrix (ECM)-integrin-cytoskeleton signaling transduction),
thereby modulating stem cell behaviors such as proliferation,
migration, and differentiation.! Therefore, there is a clear need
to develop a novel method to identify the optimal biophysical
cues in a combinatorial way for guiding stem cell differentia-
tion into specific cell lineages. These identified biophysical cues
can be further combined with defined soluble factors to bring
synergistic differentiation conditions, which will facilitate the
advancement of stem-cell-based applications such as the regen-
eration of certain types of damaged tissues/organs of patients.
Another critical challenge is to avoid the possible tumo-
rigenicity associated with stem cell therapy.®l To this end, the
precise characterization of stem cell differentiation at each stage
using biomarkers in a nondestructive manner while main-
taining high cell viability is essential. Conventional methods
for analyzing the biological characteristics of differentiated cells
such as fluorescence-based methods (e.g., immunostaining
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and fluorescence-activated cell sorting (FACS)) and analysis
of the expression of biomarkers (DNAs/RNAs/proteins)
(e.g., polymerase chain reaction (PCR) and Western blot) are
commonly used; however, these methods typically require
destructive steps such as cell fixation or cell lysis, which prevent
the subsequent applications of the characterized cells.'” There-
fore, the development of novel methods that can effectively
monitor stem cell differentiation dynamics in a nondestructive
manner is urgent.

Addressing the challenges above, herein we demonstrate the
versatility of our novel graphene-Au hybrid nanoelectrode com-
binatorial arrays (graphene-Au hybrid NEAs) to: (i) investigate
the combinatorial effects of physicochemical cues on stem cell
differentiation (Figure 1a), (ii) identify the optimal biophysical
cues to enhance stem cell osteogenic differentiation (Figure 1b),
and (iii) nondestructively monitor the dynamic status of stem
cell differentiation in a real-time manner (Figure 1b). The
osteogenesis of human mesenchymal stem cell (hMSC) was
selected as a proof-of-concept model for this study.!'!

Typically, our multifunctional graphene-Au hybrid NEAs
are fabricated via laser interference lithography (LIL) and
physical vapor deposition (PVD) methods. We tested different
variables of the graphene-Au hybrid NEAs such as pitch and
pattern sizes to identify the optimal biophysical cues for osteo-
genic differentiation of stem cells. Reduced graphene oxide
(rGO) was chemically attached and modified to the surface of
Au NEAs to enhance the adhesion and spreading behaviors of
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the stem cells. Since the focal adhesion and the rearrangement
of the cytoskeleton is critical in determining cell behaviors, we
hypothesized that our developed multifunctional graphene-
Au hybrid NEAs could regulate stem cell fate through phys-
icochemical and biophysical cues (Figure 1b).%12 Also, the
unique physicochemical properties of rGO can promote cell
adhesion and spreading behaviors on the NEAs without com-
prising its electrochemical property (Figure 1a).>!314 Taking
advantage of the high electron transfer rate based from 3D
nanostructures (Figure 1c;), our graphene-Au hybrid NEAs
have the potential to be utilized as an excellent electrochemical
sensing platform, enabling scientists to characterize the subtle
changes of biomarker expression (alkaline phosphatase (ALP, a
preosteogenic marker)) (Figure 1c,). Collectively, our graphene-
Au hybrid NEAs, as designed, could have the ability to enhance
and monitor osteogenic differentiation of stem cell, hMSCs, in
a nondestructive real-time manner.

As biophysical cues (e.g., nanotopography, elastic module,
pattern dimension, and geometry) have been shown to
enhance stem cell differentiation by regulating cell adhesion
and spreading behaviors,*121°] we generated a combinatorial
graphene-Au hybrid NEA as illustrated in Figure 2a. To identify
the optimized biophysical cues for stem cell osteogenesis, four
different pitch sizes (400, 800, 1200, and 1600 nm) of large-scale
(1 x 1 cm?) homogeneous photoresist (PR) nanohole pattern
arrays were generated through the LIL technique on an indium
tin oxide (ITO) substrate (Figure 2b and Figure S1, Supporting
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Figure 1. Schematic illustration of multifunction of graphene-Au hybrid nanoelectrode arrays (NEAs). a) Investigation of the combinatorial effects of
physicochemical cues on stem cell. b) Identification of optimal biophysical cues for stem cell differentiation. c) Enhanced electrochemical signal for

monitoring osteogenic differentiation.
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Figure 2. Generation of graphene-Au hybrid nanoelectrode arrays (NEAs). a) Schematic illustration of sequential steps to generate graphene-Au hybrid
NEAs on ITO electrode via laser interference lithography (LIL) and metal deposition method. Representative scanning electron microscopy (SEM)
images (magnification of 40 000x) of: b) photoresist nanohole after the LIL process and c) resulting Au NEAs after metal deposition process according
to pitch size (400, 800, 1200, and 1600 nm, respectively). d) Representative transmission electron microscope (TEM) image, €) size distributions,
and f) Raman spectra of synthesized graphene oxide nanosheet and after formation of graphene-Au hybrid NEAs. g) Homogeneity analysis by Raman
map obtained from graphene-Au hybrid NEAs with notable Raman transitions band (G-band of graphene at around 1600 cm™"). Scale bars are 500 nm

(b,c) and 50 nm (d).

Information).I'l We then deposited 15 nm of chromium (Cr) as
an adhesion layer and 90 nm of gold (Au) as a conducting layer
via PVD onto the PR nanohole array. The PR was sequentially
removed to obtain the four different sized homogenous Au
NEAs with controlled width (200, 400, 600, and 800 nm), gap
(200, 400, 600, and 800 nm), and height (105 nm) parameters
(Figure 2c and Figure S1, Supporting Information). The pitch
size and height of Au NEAs were carefully designed not only
to isolate cells from the underlying flat substrate by disrupting
integrin—substratum interactions but also to reconstitute
integrin clustering on NEAs by controlling the width and gap
of physical dimensions to the sub-micrometer range.*!]
In parallel, graphene oxide (GO) sheets were synthesized
through a modified Hummers' method with a preoxidation
step. For the sufficient coating of GO onto the Au NEAs sur-
face, the size of GO sheet was adjusted to below 200 nm by an
additional filtration process to obtain smaller GO nanosheets.
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To characterize the as-prepared GO sheets, transmission
electron microscopy (TEM) measurement was performed
(Figure 2d). We also analyzed the size distribution of GO by
both dynamic light scattering (DLS) measurement and TEM
images. The size distribution of the GO sheets ranged from
37.84 to 190.10 nm with an average size of 63.75 + 24.63 nm in
DLS analysis (Figure 2e) and 100.4 + 39.4 nm in TEM images
(Figure S2, Supporting Information). Both results clearly dem-
onstrate the selected size distribution of GO less than 200 nm
after filtration process. Further, as-prepared GO sheets were
functionalized onto the surface of Au NEAs through electro-
static interactions by utilizing a chemical linker (cysteamine
hydrochloride: C,H;NS). Finally, GO sheets are chemically
reduced by hydrazine monohydrate (NH,NH,-H,0) solution
to obtain the graphene-Au hybrid NEAs. Due to the unique
physicochemical structure of atomic thin layered rGO, we
conducted Raman spectroscopy to properly validate the rGO
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coating on the Au NEAs. As expected, Raman transition band
at the location of the distinct D (1350 cm™) and G (1600 cm™)
band of rGO were observed from both rGO (functionalized
on bare Au substrate) and graphene-Au hybrid NEAs, which
meets previously reports in the literature.'® The reduction of GO
to rGO on graphene-Au hybrid NEAs was also validated by
the comparison of Raman intensity ratio between D and G
band (Ip/Ig) before and after the reduction process. As clearly
shown in Figure S3 (Supporting Information), the Ip/Ig ratio
increases from 0.90 to 1.22 as GO reduces to rGO, respectively
(Figure S3, Supporting Information).l'”) Moreover, a remark-
ably strong Raman transition band of rGO (Figure 2f) as well as
intense, homogenously distributed Raman transition (distinct
G band, 1600 cm™, of rGO) signals over a large scan area
(100 x 100 spots per 100 x 100 um?) (Figure 2g) were observed
from the graphene-Au hybrid NEAs owing to the surface-
enhanced Raman scattering effect caused by the Au nanodots.

www.advmat.de

Knowing cell adhesion/spreading behaviors and the elongated
cell morphology can promote stem cell osteogenesis,*°2% we
hypothesized that our graphene-Au hybrid NEAs could enhance
osteogenic differentiation of hMSCs through the unique physi-
ochemical cues from our graphene-Au hybrid NEAs (Figure 3a).
To test this hypothesis, hMSCs (American CryoStem), cultured
on tissue culture plate (TCP), Au NEAs, and graphene-Au hybrid
NEAs for 4 h, were fixed for 10 min and characterized using
Hoechst to stain their nucleus and fluorescent dye (Alexa Fluor
633) to stain their cytoskeleton (F-actin). No notable difference
was observed for the number of cells adhered on the TCP and
Au NEAs; however, the presence of nanotopographical cues
in Au NEAs allowed the cells to spread more extensively and
homogeneously, compared to the experimental condition of
TCP. Moreover, due to the unique physiochemical property
of graphene (e.g., amphiphilic and nanoscopic properties),
both the number and the size of adhered cells significantly
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Figure 3. Enhanced osteogenic differentiation of hMSCs by graphene-Au hybrid NEAs. a) Schematic illustration of graphene-Au hybrid NEAs effect
on the osteogenic differentiation of hMSCs. b,c) Analysis of cell adhesion and spreading behavior. b) Representative Hoechst and F-actin-stained
fluorescence images of hMSCs labeled with Alexa Fluor 633 (scale bar = 50 um) and c) the calculated number of cells after washing (adhesion) and
cell surface area (spreading) from F-actin-stained images of hMSCs on TCP, Au NEAs, and graphene-Au hybrid NEAs (width = 400 nm), respectively.
d-g) Effect of graphene-Au hybrid NEAs on osteogenic differentiation of hMSCs based on different width size range from 200 to 800 nm. d) Alkaline
phosphatase (ALP) assay to confirm the expression of the preosteogenic marker based on different pitch size. ) PCR analysis of osteogenic markers
including runt-related transcription factor 2 (RUNX2) and focal adhesion kinase (FAK) for verifying nanotopographic effect. f) Fluorescence images of
hMSCs differentiated into osteoblasts stained for osteocalcin with Alexa 594 (red, left column), a nucleus with Hoechst (blue, middle column), and
merged (right column) (scale bar = 50 um). g) Quantitative analysis of calcium expression by extracting Alizarin red S based on different width size.
Results are average of absorbance signals (405 and 562 nm for ALP and Alizarin red S, respectively, obtained from three independent experiments).
(The error bars represent mean + s.d.; n =3, *p < 0.05, **p < 0.001 by one-way ANOVA with Tukey post hoc test.)
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increased on the graphene-Au hybrid NEAs, compared to that
of TCP and Au NEA conditions (Figure 3b). We quantitatively
analyzed the number and the size of adhered cells using five
1320 x 1320 um? area-fluorescent images, randomly selected
from each condition. The average number of cells were
83.0 = 40.3, 92.6 + 15.2, and 149.4 + 46.7, and the average
size of the cells were 2955.9 + 584.9, 3457.9 £ 298.9, and
3890.8 + 272.6 um?, corresponding to the TCP, Au NEA, and
graphene-Au hybrid NEA conditions, respectively (Figure 3c).

To examine further, hMSCs that were grown on graphene-
Au hybrid NEAs for a day were treated with differentiation
induction medium (osteogenic medium: OM) to study the
optimal biophysical cues on osteogenesis. All the cells treated
with OM showed the expression of ALP (preosteogenic marker)
regardless of substrate types used; however, hMSCs on the
graphene-Au hybrid NEAs with 400 nm sized (in diameter)
nanodots among the four different conditions (pattern sizes:
200, 400, 600, and 800 nm) (Figure 3d) showed the highest ALP
activity on day 14 (D14), supporting the synergistic effect of the
biophysical cues combined with the soluble cues (Figure 3d).[2!
We also conducted real-time quantitative PCR on D14 to
detect biomarkers of osteoblast lineage such as runt-related
transcription factor 2 (RUNX2) and focal adhesion kinase/
protein tyrosine kinase 2 (FAK/PTK2) genes to investigate the
effects of each nanopattern on osteogenic differentiation.” It
is known that appropriate biophysical cues, such as nanotopo-
graphy and pattern dimension, can enhance the formation of
integrin-mediated small clustering adhesion sites termed focal
adhesions (FAs),l which affect cell spreading behavior and
facilitate lamellipodial protrusions.’??l Moreover, the formation
of FA complexes stimulates multiple intracellular signaling
cascades such as the mitogen-activated protein kinase-
extracellular signal-regulated kinase (MAPK-ERK) 1/2 pathway
that activates RUNX2, resulting in increased osteogenic
differentiation.?®] We also confirmed the clear co-related upreg-
ulation between the FAK/PTK2 gene and the RUNX2 gene in
our tested graphene-Au hybrid NEAs. In particular, as predicted
from the ALP activity assay, the level of molecular markers for
both osteoblast lineage (RUNX2) and the focal adhesion kinase
(FAK/PTK?2) gene also showed the highest expression from the
400 nm sized graphene-Au hybrid NEA condition (Figure 3e).
This indicates that early osteogenic differentiation can
be synergistically enhanced through the proper choice of
biophysical cues. Immunostaining also showed the highest
coverage and expression of osteocalcin from the 400 nm dia-
meter graphene-Au hybrid NEA condition (Figure 3f).8*2! From
the Alizarin red S assay, which checks the level of calcification,
one of the most significant indicators for bone regeneration,
we also observed cells grown on the 400 nm sized graphene-
Au hybrid NEAs showed the highest level of calcification
(Figure 3g).1® Collectively, the above results support our hypoth-
esis that appropriate biophysical cues of our graphene-Au
hybrid NEAs can enhance the formation of mature osteoblasts,
which is highly desirable for further in vivo applications such
as treating bone defects.

Furthermore, we developed our graphene-Au hybrid NEAs
(400 nm sized graphene-Au hybrid NEAs, hereafter termed gra-
phene-Au hybrid NEAs) as a nondestructive real-time electro-
chemical sensing platform to monitor stem cell differentiation
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(Figure 4). Since most of the electrochemical reaction happens
in proximity to the electrode surface, the surface dimension and
its modification are crucial for the performance of electrochem-
ical sensing. For this purpose, nanomaterial (Au and carbon)-
based electrochemical sensors have been developed owing to
their unique physicochemical properties including high con-
ductivity, inertness, and biocompatibility.!**24 Additionally,
the higher surface-to-volume ratio of the nanostructures can
also increase the electrochemical sensing performance.['*25 We
conducted cyclic voltammograms (CV) by using 1 x 1073 m of
ferrocyanide [Fe(CN)¢]*~ as a well-defined electroactive (reduc-
tion and oxidation: redox) chemical in phosphate buffered
saline (PBS, pH 7.4) at a scan rate of 50 mV s™! to measure the
electrochemical signal from each electrode (bare ITO, Au NEAs,
and graphene-Au hybrid NEAs) (Figure 4b). As expected, there
was no observable faradaic current on the bare ITO substrate.
However, a large current, intense oxidation and reduction
peak (Ips and Ipc) were observed on both the rGO-ITO and Au
NEAs. In particular, graphene-Au hybrid NEAs displayed a nar-
rower and higher Ip, and Ipc due to the better electron transfer
rate and faster diffusion of oxidant/reductant obtained through
the additive effect obtained by both tGO and Au NEAs.'314 We
also validated the electrochemical performance based on the
reduction degree of rGO. As shown in Figure S4 (Supporting
Information), no observable faradaic current on the GO-coated
ITO substrate, which could be due to the impeded electron
transfer. However, an intense Ip, and Ipc were observed after
reduction process. The signal was kept increased and saturated
after 9 h reduction.l2%!

We then utilized our graphene-Au hybrid NEAs to examine
an ALP-based enzymatic reaction in a cell-free configuration
as an initial proof-of-concept before monitoring the osteogenic
differentiation process of hMSCs. The expression of ALP, a
major biomarker for osteogenesis,?’! arose sequentially during
the osteogenic differentiation. As shown in Figure 4a, ALP
catalytically hydrolyzed the P-aminophenyl phosphate (PAPP)
to produce electroactive p-aminophenol (PAP), and the redox
reaction between PAP and quinone imine (QI) was monitored
through cyclic voltammogram by utilizing graphene-Au hybrid
NEAs as a sensing platform (Figure 4a). Before the addition of
ALP, no observable redox peak was monitored for the PAPP
(1 x 1073 m) dissolved PBS solution. However, observable redox
peaks were obtained 30 min after the addition of ALP into the
solution, at =0.2 V for the oxidation (Ip,) potential and 0.01 V
for the reduction (Ipc) potential (Figure 4c). Comparably, no
observable oxidation signal (Ip,) was obtained on the bare ITO
substrate for neither condition: absence or presence of ALP.
Particularly, a remarkable oxidation peak was observed only at
the graphene-Au hybrid NEAs when ALP was presented, which
proved its excellent sensitivity for the electrochemical detection
of PAP resulted from ALP catalytic reaction (Figure 4d). To sup-
port these results, we also calculated the highest energy occu-
pied molecular orbital (HOMO) and lowest energy unoccupied
molecular orbital (LUMO) of PAP molecule and compare it to
the band edge positions of rGO, Au, and ITO that are reported
in literature.?®l When no voltage bias is applied, tGO has less
barrier to receive electron from PAP molecules, which leads to
the oxidation of PAP into QI (Figure S5, Supporting Informa-
tion). In addition, graphene-Au hybrid NEAs with increased
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Figure 4. Utilization of graphene-Au hybrid NEAs as an electrochemical sensing platform for in situ monitoring of osteogenic differentiation of hMSCs.
a) Schematic illustration of an enzymatic reaction and electrochemical sensing mechanism of alkaline phosphatase (ALP) and improved electron
transfer kinetic based on the 3D surface in graphene-Au hybrid NEAs compared to 2D flat ITO surface. b) Cyclic voltammogram of 1 x 107 m of
[Fe(CN)g]* dissolved in DPBS obtained at a 50mVs™ scan rate using a bare ITO substrate, rGO-coated ITO substrate, Au NEAs, and graphene-Au
NEAs, respectively. c) Cyclic voltammogram of P-aminophenyl phosphate (PAPP) on graphene-Au NEAs before and after enzyme reaction with alkaline
phosphatase (ALP). d) Anodic peak (oxidation potential: Ips) value change achieved from cyclic voltammogram of PAPP, before and after enzyme
reaction (ALP), on bare ITO substrate and graphene-Au hybrid NEAs. e) The linear correlations between concentrations of ALP and the current signal
at oxidation potential (Ipp) of cyclic voltammetry. f) Schematic illustration of electrochemical signal change between undifferentiated and differentiated
(osteocyte) hMSCs based on ALP generation. g) Cyclic voltammetry, and h) calculated I, values from time-dependent monitoring (range from D1 to
D21) of hMSCs during osteogenic differentiation. 8.0 x 103 cells are seeded on 0.4 cm? area and treated with osteogenic differentiation medium (OM).
The medium was changed after each electrochemical measurement.

electrode surface area could also increase electron transfer rate  in Figure 4c and narrowed voltage difference between Ip, and
by facilitating the electron and mass diffusion. Such improve-  Ipc shown in Figure 4b. Moreover, graphene-Au hybrid NEAs
ments can be directly supported by the increased Ipy shown  showed good linearity (R? = 0.98) at different concentrations
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(range from 0.1 to 10 units mL™!) of ALP with a limit of
detection (LOD) of 0.03 unit mL™ (Figure 4e) which well agreed
with previously reported quantitative ALP assays.??) Addition-
ally, the clear oxidation peak was observed within 10 min after
addition of ALP, and the overall enzyme reaction was starting
to saturate at =40 min (Figure S6, Supporting Information).

After verifying the electrochemical property of graphene-Au
hybrid NEAs in cell-free condition, hMSCs (2.0 x 10* cells cm™)
that were grown on graphene-Au hybrid NEAs for a day were
treated with OM. The cyclic voltammetry was conducted for
differentiation period (three weeks) with the addition of PAPP
molecule (Figure S7, Supporting Information) for real-time
monitoring of the osteogenic differentiation of hMSCs in a
nondestructive manner (Figure 4f). We observed no obvious
redox peaks on the voltammogram up to D7 even though the
background signal is slightly increased. In contrast, clear, dis-
tinct redox peaks were observed in the period of the premature
(D14) and mature (D21) osteoblast formation. The calculated
Ips values from time-dependent monitoring (range from D1 to
D21) of hMSCs during osteogenic differentiation demonstrated
the sequential increment of ALP activity as expected (Figure S8,
Supporting Information). In particular, the remarkable signal
increment was observed from D14, where premature osteoblast
starts to form (Figure 4g). Additionally, graphene-Au hybrid
NEAs also showed excellent stability by maintaining the Ips
value for three weeks under the cell-free condition (Figure 4h).

We also analyzed for myogenic differentiation electrochemi-
cally at D21 (Figure S9, Supporting Information) to show that
our graphene-Au hybrid NEAs could discriminate osteogenic
differentiation from other types of differentiation. Compared to
hMSCs, myoblast cell also demonstrated higher ALP activity;>
however, osteoblasts expressed =2 times higher signals
(AIpy = —1.80 pA) relative to myoblasts (Alpy, = —0.82 pA)
which showed the ability of graphene-Au hybrid NEAs to dis-
criminate osteogenic differentiation from other differentiation.
Supportably, cell-destructive PNPP-based optical ALP assay also
demonstrated similar trends on ALP activity of each cell line
(undifferentiated hMSC, osteoblast, and myoblast) observed by
graphene-Au hybrid NEAs. Thus, we believe that our graphene-
Au hybrid NEAs will be particularly valuable for enhancing and
monitoring stem cell behaviors through unique biophysical and
electrochemical properties. The nondestructive, real-time moni-
toring of stem cell differentiation would be valuable for the
clinical application of stem cell therapies to repair the damaged
tissue/organs of patients.

In summary, we have successfully developed multifunc-
tional graphene-Au hybrid NEAs for modulating the extent of
osteogenic differentiation of stem cells. Potentially, our devel-
oped approach can be beneficial for deconvoluting biophysical
cues from the complex microenvironmental cues and identify
the combinatorial cues to enhance stem cell differentiation.
More detailed mechanistic studies on how the combination
of physicochemical and biophysical cues modulate the sign-
aling cascades involved in stem cell osteogenesis are currently
under investigation. Furthermore, due to the excellent bio-
compatibility and electrochemical performance of our hybrid
NEAs, the osteogenic differentiation of hMSCs was success-
fully monitored in both nondestructive and real-time manner.
Since the destructive analysis process such as cell lysis and

Adv. Mater. 2018, 1802762

1802762 (7 of 8)

www.advmat.de

cell fixation are not necessary for assaying the osteogenic dif-
ferentiation of hMSCs for transplantation, our developed com-
binatorial arrays and novel electrochemical detection method
can bring a breakthrough in the preclinical investigation of
differentiated osteoblasts. Collectively, this work will not only
advance stem cell differentiation assays by providing a practical,
nondestructive, real-time monitoring tool but also help scien-
tists understand the fundamental interactions between nano-
structures and stem cells better.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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