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  1.     Introduction 

 Surface wrinkles develop on compres-
sively strained fi lms due to elastic stress 
relaxation. These wrinkles can self-
organize to form undulating patterns 
on surfaces. The origin of special geo-
metrical shapes adopted by the wrin-
kles are not well understood, as it arises 
from a complex interplay of buckling and 
delamination forces, as well as horizontal 
relaxation on the nonbuckled domains. 
Nonetheless, if such periodic wrinkles 
can be generated over large area, they can 
be potentially used as shock absorbers 
due to its large elastic moduli, and even 
as cell-culture template due to its biomi-
metic topography. Strain engineering of 

various sorts has been applied to generate periodic wrinkles 
on thin fi lms, [ 1–5 ]  these include sequential release of biaxi-
ally stretched fi lm on soft substrates, [ 6,7 ]  focused ion beam 
irradiation of a polymeric substrate, [ 8 ]  laser path-guided wrin-
kling, [ 9 ]  solvent-responsive wrinkling, [ 10–12 ]  or thermally mis-
matched contraction on polymer substrates. [ 13 ]  However, all 
these methods are quite involved in terms of equipment and 
processes and not readily scalable. Although graphene can be 
deformed readily out of plane, only mesoscopic corrugation 
can be supported on it. To support micrometer high corruga-
tion over a large area, the fi lm has to be suffi ciently thick to 
possess suffi cient rigidity. In previous studies, the wrinkled 
fi lms were intimately attached to the substrate imposing the 
strain, which means that it is not easy to transfer these wrin-
kled fi lms onto another substrate, thus limiting their techno-
logical applications. [ 4,5,13,14 ]  

 Buckling–delamination of multilayered carbon fi lms on rigid 
substrates can be a facile method to produce large-scale, peri-
odically wrinkled fi lm. Due to thermal expansion coeffi cient 
difference and high built-in stress, strain-relief features such 
as circular, straight-sided, telephone cord (or herringbone) and 
network wrinkles have been produced. [ 15–17 ]  Spontaneous buck-
ling occurs when the intrinsic stress of fi lms surpasses critical 
compressive biaxial stress at the onset of buckling  σ  c  [ 15,18 ] 
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 where  E  f  is the Young’s modulus,  ν  f  is the Poisson’s ratio,  t  is 
the fi lm thickness, and  W  is the full width of the wrinkle as 
indicated in  Figure    1  a.  

 For any given internal stress  σ  0 , the full width of delamina-
tion wrinkle,  W  0  can be expressed as [ 18 ] 
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 From the above two equations, internal stress  σ  0  and fi lm 
thickness  t  affect the geometry of vertical wrinkles. In order to 
obtain repeated unit for propagation and large-scale high peri-
odic wrinkled pattern, a uniform  σ  0  and  t  is essential. 

 To propagate the pattern over large area, we need to consider 
the average energy release rate ( R ) of the delamination process. 
According to the Euler model [ 19–22 ] 
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 A steady-state energy release rate is needed for the uniform 
spread of repeat units rather than a chaotic wrinkled pattern. 

 To predict the buckling pattern of thin fi lms with small over-
stress ( σ  0 / σ  c  slightly over 1), Hutchinson and co-workers [ 23 ]  ana-
lyzed the expansion of normalized elastic energy  U / U  0 , and 
applied upper-bound analysis for four types of stress-relief patterns 
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 here  U  0  and  U  are the elastic energy per unit area in the unbuckled 
and buckled state, respectively. The stress-relief patterns include 
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 Figure 1.    AFM and optical images of delaminated wrinkles of NCG fi lms on sapphire substrates. a) Three dimensional(3D) AFM images of a typical 
buckling-delaminated thin NCG fi lms at the non-node area. b) 3D AFM mapping of the propagation tip during the delamination process. For NCG fi lms 
with a thickness of 24 nm, it takes up to 2 d to complete the delamination process for a 1 cm × 1 cm size sample. c) AFM topography of hexagonal 
wrinkles after the delamination process was adequate completed. d) Optical image of boundary region under dark fi eld mode. e,f) Dark fi eld images 
of hexagonal wrinkles under different magnifi cations. Scale bars in (d), (e), and (f) are 50, 10, and 100 µm, respectively.
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the straight-sided wrinkled pattern, where Q
1

2
fν= + ; and square 

checkerboard pattern, where Q 2
3 fν= − ; and hexagonal and trian-

gular pattern, where Q 6
11 5 fν= − . The widely observed telephone 

cord pattern can be considered as a bifurcation of square checker-
board pattern. Generally for  ν  f  > 0.2, checkerboard pattern has the 
lowest energy in this overstress range. We note that hexagonal 
wrinkled patterns extending over a wide area on rigid substrates 
have not been reported. [ 23 ]  Motivated thus, we want to study the 
different thickness regimes where these hexagonal strain-relief 
features can propagate, and to study the relationship between 
elastic energy release and fi lm thickness. 

 Herein, chemical vapor deposition was used to grow 
nanocrystalline graphitic (NCG) fi lms on  c -plane sapphire sub-
strates. At thickness below 50 nm, the NCG fi lm formed periodic 
wrinkles with a hexagonal pattern upon cooling. These wrinkled 
fi lms were uniform over a large area and could be transferred 
onto arbitrary substrates using an etch-free dry transfer process. 
Our studies show that wrinkled NCG promoted the differentia-
tion of human mesenchymal stem cells (hMSCs) toward the 
osteogenic lineage in the absence of osteogenic inducing media. 
Compared to fl at fi lms, the wrinkled fi lms exhibited increased 
refl ectance loss in electromagnetic interference shielding and 
enhanced electrochemical performances (see Figures S14 and 
S15 in the Supporting Information).  

  2.     Results 

 NCG fi lm was grown on polished sapphire substrate (0001) by 
chemical vapor deposition using toluene as the carbon source. 
Uniform NCG fi lms of various thicknesses were produced by 
controlling the growth time. The chemical phase of the NCG 
fi lm was evaluated by Raman spectroscopy and XPS (X-ray 
photoelectron spectroscopy, see Figure S3 in the Supporting 
information), which revealed that it was a multilayered graphitic 
fi lm. After cooling to room temperature, the buckling–delami-
nation process occurred spontaneously on the as-deposited 
fl at NCG fi lms. The NCG fi lms released the build-in stress by 
forming hexagonal wrinkles at a thickness-dependent speed 
(see Movie S1 in the Supporting Information). For NCG fi lms 
with thickness ranging from 24 ± 2 to 35 ± 3 nm, periodically 
hexagonal wrinkles were found as shown in Figure  1 c,e,f. For 

fi lms with thickness ≥42 ± 2 nm, chaotic network-like blisters 
were achieved, similar to previous studies. [ 15,16 ]  To the best of 
our knowledge, this is the fi rst observation of long-range peri-
odic buckling on rigid substrates. 

  2.1.     Building Blocks of This Delamination Process 
and Wrinkle Properties 

 To study the self-assembly dynamics of these periodic hexag-
onal pattern, in situ atomic force microscopy (AFM) was used 
to capture the buckling process at its onset. It was observed that 
trigeminal shape wrinkles with zigzag backbone (3D AFM image 
in Figure  1 b and dark fi eld optical image in Figure  1 d) spontane-
ously formed and spread in the plane at a constant rate and then 
converged with adjacent trigeminal wrinkles. Finally, they coa-
lesced into hexagonal wrinkles and propagated as presented in 
Figure  1 c. Unlike previous reports of micrometer scale telephone 
cord patterns observed for carbon fi lms on rigid substrates, the 
hexagonal wrinkle produced in this work (Figure  1 e) spread uni-
formly over large area (see Figure  1 f) up to centimeter scale and 
exist stably in air (Figure S6, Supporting Information). [ 15–17,21,22 ]  

 We have tested the formation of wrinkled fi lms on a range of 
substrates (as shown in  Figure    2  a, Figures S1 and S2, Supporting 
Information) but only observed the periodic hexagonal wrinkled 
pattern on  c -plane sapphire (Figure  1 e,f). Besides its low rough-
ness (0.11 nm), the unique lattice structure of  c -plane sapphire 
substrate may have a role.  c -plane sapphire is widely used for the 
epitaxial growth of material with a hexagonal lattice structure 
due to its high thermal expansion coeffi cient. [ 24,25 ]  One possible 
model for the growth of graphite on sapphire with reduced lat-
tice mismatch is depicted schematically in Figure  2 b. The lattice 
mismatch between NCG and sapphire is calculated to be ≈2.8% 
and the small mismatch benefi ts the epitaxial growth of NCG. [ 24 ]    

  2.2.     Evolution of Strain-Relief Features as a Function 
of Film Thickness 

 To understand the effect of fi lm thickness on geometry of 
hexagonal wrinkle, the morphology of wrinkled NCG fi lms 
of various thicknesses was recorded using noncontact mode 
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 Figure 2.    Buckling–delamination patterns of NCG fi lms with varying thickness on different substrates. a) Delamination of NCG thin fi lms of different 
thickness on single crystal  c -plane sapphire, single-crystal ST-cut quartz, SiO 2  (quartz substrate and silicon wafer with 300 nm silicon dioxide), and 
nickel foil, separately. b) Top view of NCG model on sapphire (0001).
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AFM to minimize the deformation caused by AFM tip as 
shown in  Figure    3  . NCG fi lms with thickness less than 
24 nm (see Figure  3 a) did not undergo delamination process, 
while they exhibited disordered pattern once their thickness 
exceeded 42 nm (Figure  3 f). The geometry parameters are 
summarized in  Table    1  . In the thickness range between 24 and 
42 nm, the physical dimensions of hexagonal periodic wrin-
kles were observed to be dependent on the NCG fi lms thick-
ness. The height, length, and width of the wrinkles increased 
with the thickness of the NCG fi lm (from Figure  3 b–e). The 
ratio of fi lm thickness and wrinkle width, expressed as 2 t / W , 
is determined by the critical compressive biaxial stress  σ  c  
and fl uctuates within a maximum value (≈0.0295 at ≈31 nm 
thick NCG fi lms), and then reduces dramatically with further 
increase in thickness.  σ  c  is known to be dependent on the 
Young’s modulus and Poisson’s ratio of fi lm and substrate. [ 23 ]  
For a fi xed system, a decreasing value of 2 t / W  indicates that 
the fi lm may experience more than one kind of delamina-
tion processes. Jagla and Crosby applied a triangular building 

block model to study the buckling–delamination phenomenon 
of elastic thin fi lm on rigid substrates. [ 26,27 ]  In their simula-
tions, the wrinkles bifurcation and branches formation were 
successfully predicted, but they failed to explain the forma-
tion of hexagonal shape wrinkles. This prompted us to select 
2D triangles as the repeating unit for fabricating long-range 
hexagonal-shaped wrinkles as shown in Figure S8 (Sup-
porting Information). The triangular unit was found to fi t the 
hexagonal pattern well, and the dimensions of the triangular 
units gradually increased for thicker fi lms. The NCG fi lms 
(35 ± 2.7 nm thick) in Figure S8c (Supporting Information) 
seem to withstand additional sinusoidal wave deformation 
besides the hexagonal pattern delamination. It is calculated in 
the later section that as thickness increases, the hexagonal pat-
tern could not release the internal stress of thick NCG fi lms 
effectively and hence, other type of deformation occurs to bal-
ance the disproportion (in the later section). [ 28 ]  As the fi lm 
thickness increased further (>42 nm), sinusoidal wave defor-
mation destroyed the periodic pattern.    
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 Figure 3.    AFM images of NCG fi lm showing thickness-dependent wrinkled pattern. a) Topography of 17 ± 1 nm thick NCG fi lm. Delamination process 
was not observed for this thickness. b–f) Various delamination patterns of NCG fi lms with different thickness: 24 ± 2.1, 31 ± 2.8, 35 ± 2.7, 42 ± 2.6, 
and 46 ± 2.9 nm, respectively. More details are summarized in Table  1 . All scale bars are 8 µm.
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  2.3.     Theoretical Prediction of Periodic Wrinkle’s 
Geometry Based on Film Thickness 

 To understand the formation of periodic hexagonal wrinkle and 
the relation between fi lm thickness and geometry, the normal-
ized elastic energy of the hexagonal wrinkle is calculated. 

 The underlying substrate is considered as infi nitely thick 
(t tsub film� ), isotropic, and homogeneous. The internal stress of 
NCG fi lm is isotropic and biaxial prior to delamination. 

 The von Karman equations representing the NCG thin fi lm 
in Cartesian coordinates are 
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 Here,  w ( x , y ) is the vertical displacement of the thin 
fi lm middle surface, ∇ 4 () is the biharmonic operator, 
D E t v/ 12 1f f

3
f
2( )= −⎡⎣ ⎤⎦  is the thin fi lm bending stiffness, and  t  

is the thickness of the thin fi lm with  E  f  and ν f  as its Young’s 
modulus and Poisson’s ratio.  F  is the airy stress function, and 
 p  s  is the stress component acting perpendicular to the thin fi lm 
that is exerted by the sapphire substrate. 

 The vertical displacement function  w ( x , y ) for the hexagonal 
wrinkle is represented by 
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 where  ξ  is an independent amplitude factor and  k  scales with 
the size of the wrinkled pattern. The airy stress function for the 
hexagonal mode is expressed as [ 23 ] 
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 For the hexagonal wrinkle, the periodic length is 4 / 3kπ ( ). 
In terms of the stress function  F  and  w ( x , y ), the elastic energy 
(fi lm bending and stretching) of the carbon thin fi lm after 
buckling in a periodic cell is [ 23 ] 
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 Here,  S  is the area of the periodic cell. Let  σ  0  be the equi-
biaxial compressive stress in the unbuckled fi lm, so the elastic 
energy of the NCG thin fi lm before buckling in a periodic cell is 
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 The equi-biaxial compressive stress  σ  0  of fl at NCG thin fi lm 
imposed by the substrate before buckling can be approximated 
by the following expression 
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 Here  E  s , ν  s , and t t ts s �( )  are Young’s modulus, Poisson’s 
ratio, and thickness of the substrate, respectively.  α  f  and  α  s  
are the thermal expansion coeffi cients of the carbon fi lm and 
substrate, respectively. Δ T  is the temperature deviation from 
growth to room temperature, and  l  is the initial length of the 
NCG thin fi lm at the growth temperature. 

 The critical fi lm stress  σ  c , characterizing the onset of 
buckling is [ 15,18 ] 
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 where  t  is the fi lm thickness and  W  is the full width of the 
wrinkle. 

 Using the geometrical parameters derived from AFM 
and nanoindentation analysis of the hexagonal wrin-
kles, where  E  f  = 142 GPa,  ν  f  = 0.25, 2 t / W  = 0.0295, 
 k  = 0.907 μm −1 ,  ξ  = −1.8,  E  s  = 345 GPa,  ν  s  = 0.28, 

T4 10 K , 7.5 10 K , and 700 Kf
6 1

s
6 1α α= × = × Δ =− − − − , [ 30 ]  the 

normalized elastic energies  U / U  0  of the NCG thin fi lms are 
calculated as a function of thickness  t  and  σ  0 / σ  c  for hexagonal 
wrinkle, as shown in  Figure    4  a. Using similar procedures, 
the normalized elastic energies for telephone cord wrinkle 
are plotted in Figure  4 b for comparison (for more calculation 
details, see Section S9 in the Supporting Information). The 
low  U / U  0  value over the fi lm thickness range of 21.0–52.8 nm 
suggests that hexagonal wrinkle formation requires a lower 
buckled elastic energy when overstress  σ  0 / σ  c  = 4 compared 
to the telephone cord wrinkle. In contrast, the telephone cord 
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  Table 1.    Physical dimension of the hexagonal wrinkles as a function of 
fi lm thickness.  

Films thickness 
 t  [nm]

Height  h  
[nm]

Width  W  
[µm]

Edge length 
[µm]

Height of 
intersect [nm]

2t
W

17 ± 1.2 N/A N/A N/A N/A N/A

24 ± 2.1 188 ± 20 2.1 ± 0.18 5.2 ± 1.7 291 ± 21 ≈0.0229

31 ± 2.8 215 ± 28 2.1 ± 0.15 6.1 ± 0.9 303 ± 29 ≈0.0295

35 ± 2.7 256 ± 31 2.5 ± 0.22 6.6 ± 1.3 380 ± 62 ≈0.0280

42 ± 2.6 350 ± 132 5.1 ± 1.6 7.4 ± 2.4 626 ± 203 ≈0.0165

46 ± 2.9 430 ± 162 6.3 ± 4.2 9.6 ± 3.3 770 ± 346 ≈0.0146
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wrinkle on NCG fi lm will form at thickness <21.0 nm or at a 
larger compressive stress  σ  0  regime. When  U / U  0  ≥ 1, no hex-
agonal wrinkled pattern can form.  

 In the NCG/sapphire system, for  σ  0 / σ  c  = 4, it can be seen 
from Figure  4 a,b that the normalized elastic energies  U / U  0  
reach a minima at a thickness of 15 nm for the telephone cord 
wrinkle while the energy minima is attained at 28 nm for hex-
agonal wrinkle. This result indicates that the hexagonal wrinkle 
is preferred in thicker fi lm compared to the telephone cord 

wrinkle. The variation in the normalized elastic energy as a 
function of overstress  σ  0 / σ c   for these two different patterns is 
also investigated. Figure  4 e shows the variations of  U / U  0  for 
a 30 nm thick NCG fi lm in the hexagonal (Figure  4 c) and tel-
ephone cord (Figure  4 d) wrinkles. For  σ  0 / σ  c  values of 1–7, the 
elastic energy of the telephone cord wrinkle is larger than that 
of the hexagonal wrinkle and decreases sharply when overstress 
increases. This demonstrates that a higher overstress is needed 
to form the telephone cord wrinkle for 30 nm thick NCG fi lm. 
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 Figure 4.    Theoretical calculation of the formation of delaminated hexagonal pattern. a,b) Contour plots of normalized elastic energies  U / U  0  of carbon 
thin fi lms in the hexagonal buckled states and telephone cord buckled states as a function of thickness  t  and  σ  0 / σ  c  for  σ  c  = 0.11 GPa. c) Simulated 
hexagonal wrinkled pattern of NCG fi lms with a thickness of 30 nm and a periodic length of 8 µm. d) Telephone cord wrinkled pattern of NCG fi lms 
with a thickness of 30 nm and periodic lengths of 4 and 5 µm in the  x  and  y -directions, respectively. e) Normalized energies  U / U  0  of 30 nm thick NCG 
fi lms in the hexagonal and telephone cord buckled states with the same critical stress ( σ  c  = 0.11 GPa). The arrow denotes that the  U / U  0  increases 
sharply when  σ  0 / σ c   decreases. f,g) The remaining stresses in  x  and  y -directions of the hexagonal wrinkled carbon fi lm with thickness of 25, 30, and 
35 nm (from left to right).
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 The remaining stress in the wrinkled NCG fi lm after buck-
ling is calculated by 
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 For the hexagonal wrinkle, Figure  4 f,g shows the remaining 
stresses along the  x  and  y -directions of NCG fi lm with different 
thicknesses, which may play important role in the stem cell 
differentiation (more details are discussed in the stem cell sec-
tion). The average remaining stress  σ rx   and  σ ry   are 0.317 and 
0.321 GPa for 25 nm thick fi lm, 0.245 and 0.287 GPa for 30 nm 
thick fi lm, and 0.358 and 0.364 GPa for the 35 nm thick fi lm, 
respectively. Higher remaining stress in the 35 nm thick fi lm 
will certainly undergo other type of deformation to further 

release the internal stress, for example, undergoing sinusoidal 
wave deformation, as discussed in the previous section.  

  2.4.     Shock Absorbability of NCG Films 

 In order to estimate the pressure buffering ability of out-of-
plane wrinkles, real-time peak force QNM (quantitative nano-
mechanical property mapping, Bruker Dimension FastScan 
AFM) technique was performed to analyze the mechanical 
properties of these NCG fi lms. [ 30 ]  First, the topographies under 
different loading forces in the same area were captured (loading 
force: 500 nN for  Figure    5  a; 1500 nN for Figure  5 b; and full data 
in Figure S9 in the Supporting Information). The responses to 
loading force of one representative wrinkle were summarized 
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 Figure 5.    Mechanical properties of NCG fi lms. a,b) AFM topographies of wrinkled NCG fi lms under various loading forces, a) 500 and b) 1500 nN, 
respectively . Scale bars are 8 µm. c) Wrinkle geometry deformation under varying loading forces applied on AFM tip. d) Wrinkle vertebra's resistivity 
to different loading forces. e,f) Nanoindentation load–displacement responses from wrinkled vertebra and intersect region.
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in Figure  5 c. Under loading, the height of the wrinkles grad-
ually decreased to ≈195 nm (dark red line, 1500 nN) from 
≈255 nm (dark blue line, 500 nN). After the loading force was 
released, all the wrinkles were found to be restored to the ini-
tial height. The elasticity of the wrinkled pattern suggests that it 
can act as excellent shock absorber in fl exible, transparent, and 
conductive coatings. To further investigate its elastic section 
modulus, the deformation of the spine part of the wrinkled pat-
tern (inserted AFM image in Figure  5 d) was examined under 
varying loading forces. In this measurement, the height of this 
wrinkle was fi rst determined by tapping AFM. After that, the 
AFM tip was pushed onto the sample to apply a loading force 
(varying from 1000 to 3000 nN) and then lifted away from the 
sample. During this period, the cantilever forces were recorded 
as a function of the separation distance of AFM cantilever tip 
and sample in the  z -direction. From the force versus separation 
plot in Figure  5 d, the wrinkles collapsed completely once the 
loading force was ≥2000 nN (during this process, no obvious 
indentation into the samples was observed), which translate 
to external threshold pressure in the magnitude of ≈8.0 GPa. 
(Young’s modulus of graphene is ≈1 TPa but graphene has no 
elastic section modulus due to its 2D structure; theoretical and 
experimental effective elastic radial modulus of single-walled 
carbon nanotube (SWCNTs) with tube diameter of 2.38 nm is 
≈5.5 GPa.) [ 31,32 ]   

 To reconfi rm the mechanical results from QNM AFM, 
nanoindentation was employed. [ 33 ]  In the fl at region, no in-
plane slippage-induced crack was observed during loading (its 
typical loading–unloading cycle is shown in Figure S10a in 
the Supporting Information). To minimize the contribution 
of underlying sapphire substrate, calculation of the Young’s 
modulus and hardness was based on nanoindentation up to 
10% of the total NCG fi lm thickness (displacement ≤3–4 nm) 
(Figure S10, Supporting Information). The fi tted hardness ( H ) 
and Young’s modulus ( E ) of NCG fi lms were 7.27 ±3.8 GPa and 
142 ± 80 GPa, respectively, which are slightly higher than that of 
glassy carbon ( H  ≈2–3 GPa,  E  ≈30 GPa, while for diamond-like 
carbon, the values are  H  ≈12–30 GPa and  E  ≈62–213 GPa). [ 34,35 ]  
Due to the existence of intersected node, the elastic section 
modulus might be underestimated. To qualitatively estimate 
the pressure resistance of the wrinkled patterns, we compared 
their force–displacement curves (Figure  5 e,f) from the spine 
and node region with the same input parameters. The node’s 
curve showed relatively late and long pop-in event and slightly 
smaller displacement, indicating that it is stiffer than the spine 
regions.  

  2.5.     High-Fidelity Dry Transfer of Wrinkled NCG Film 
onto Arbitrary Substrates 

 The weak interaction between buckled NCG fi lms and sapphire 
substrate enables a facile etch-free dry transfer of the delami-
nated/buckled fi lm onto arbitrary substrates and the recycle of 
sapphire substrate for further growth. [ 5,6,8–13 ]  

 As shown in  Figure    6  , after completion of the CVD growth 
and buckling process, the wrinkled NCG fi lm was loaded into 
thermal evaporator for gold deposition (50 nm). The purpose of 
this metal deposition was to increase the hardness of wrinkled 

fi lms and to avoid the direct conglutination of adhesive and 
NCG fi lms. UV-curable optical adhesive or thermal adhesive 
was spun onto intermediate glass, PDMS, or PET fi lm. After 
this, the adhesive/intermediate substrate was placed care-
fully onto gold/NCG fi lms to avoid any bubble. After solidifi -
cation, NCG/gold bilayer structure could be easily peeled off 
(Figure  6 d,e) from sapphire substrates, as shown in Figure  6 h. 
By repeating the above steps (Figure  6 c,e), the periodically wrin-
kled NCG fi lms could be effi ciently transferred onto target sub-
strate while maintaining its shape and periodicity (Figure S7, 
Supporting Information). The absence of gold residue after the 
transfer process was confi rmed by XPS, which is indicative of 
a clean transfer process. The ability to transfer the wrinkled 
fi lm onto any arbitrary substrate opens up possibilities to use 
these fi lms in optical or electronic applications. For example we 
have applied these wrinkled fi lms in electromagnetic interfer-
ence shielding and found that they showed improved shielding 
compared to the fl at carbon fi lms of equivalent thickness (see 
supporting information Figure S15).   

  2.6.     Mesenchymal Stem Cell Differentiation 
into Osteogenic Lineage 

 In recent years, carbon-based nanomaterials, such as carbon 
nanotubes and graphene, have been demonstrated to promote 
stem cell growth and differentiation. [ 36,37 ]  Substrate topography 
has been demonstrated to be one of the direct and/or indi-
rect mediators of stem cell lineage regulation. The nanotopo-
graphical cues originating from synthetic nanostructures are 
capable of directly stimulating the differential gene expressions 
of hMSCs. [ 38 ]  As such, we hypothesized that the highly corru-
gated NCG fi lms here may provide biophysicochemical cues 
to the stem cells, resulting in the upregulation of certain gene 
expressions corresponding to specifi c lineage differentiation. 
To verify this, we seeded hMSCs on various fi bronectin-coated 
wrinkled NCG substrates and probed how these substrates 
would infl uence differentiation. Fibronectin is an important 
glycoprotein typically used for facilitating cell adhesion and is 
involved in cell migration and differentiation. [ 39 ]  The hMSCs 
were cultured on these substrates in the presence of growth 
medium and then stained with specifi c protein biomarkers on 
day 7 and day 14 to identify their lineage specifi cations: Runx2 
and Osteopontin (OPN) for early and late osteogenic (bone), 
respectively, PPARγ2 for adipogenic (fat), and Desmin for myo-
genic (muscle) differentiations ( Figure    7  , Figures S12 and S13, 
Supporting Information). To confi rm the presence of the cells, 
the nuclei of all the hMSCs were stained with 4′,6-diamidino-
2-phenylindole (DAPI).  

 The immunofl uorescence images of the hMSCs cultured on 
six different carbon substrates showed selective differentiation 
toward the osteogenic lineage, in particular, for hMSCs seeded 
on substrates T 2 , T 3 , and T 4 , with fi lm thicknesses ranging 
from 25 to 35 nm, respectively (Figure  7 a) (T 2 –T 5  represent 
hexagonally wrinkled NCG fi lms with various thicknesses). 
We observed that substrate T 2  induced the highest osteogenic 
differentiation based on the highest expressions of Runx2 on 
day 7 (Figure  7 b) and OPN on day 14 (Figure  7 c), followed by 
substrates T 3  and T 4 . Generally, Runx2 is a transcription factor 
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which activates the osteoblast specifi c genes while OPN marks 
the activity of osteoblasts. The production of these matrix pro-
teins indicates the maturation of the osteoblast cells and the 
subsequent mineralization. In contrast, hMSCs which were 
seeded on fl at, T 5 , and TC (telephone cord wrinkles, AFM 
image in Figure S11 in the Supporting Information) substrates 
did not exhibit any tendency of differentiating into osteogenic 
lineage. Furthermore, we did not observe signifi cant expres-
sions of PPARγ2 and Desmin in these stem cells. This suggests 
that the hMSCs cultured on all carbon substrates did not dif-
ferentiate into fat and muscle cells (Figures S12 and S13, Sup-
porting Information). 

 It is important to note that hMSCs were maintained in the 
growth medium without the presence of any chemical inducer. 
Interestingly, hMSCs on hexagonal wrinkled substrates T 2 , T 3 , 
and T 4  differentiated into bone cells in the absence of osteo-
genic agents and growth factors necessary for osteogenic differ-
entiation, such as dexamethasone and BMP-2. We believe that 
the observed phenomenon was not mediated by the chemical 
interactions between cells and substrates because all carbon 
substrates possess inherently similar chemical properties. The 
enhancement was also not likely to be controlled by substrate 
elasticity since the stiffness of all carbon fi lms was in the range 
of a few GPa. Instead, evidences suggest that the enhanced 

 Figure 6.    Transfer process of wrinkled NCG fi lm onto arbitrary substrate. a) Wrinkled NCG fi lm on sapphire. b) Thermal evaporation of 50 nm gold onto 
NCG/sapphire. c) Intermediate substrate (PET or glass slide) is placed onto NCG/sapphire substrate with small amount of optical adhesive (Norland 
optical adhesive 61) or thermal adhesive (EPO-TEK 353ND). d,e) Upon adhesive solidifi cation and peeling off, NCG fi lm is left on the intermediate 
substrate. f,g) Repeating step (c) and (d), NCG fi lm is transferred onto target substrates. h) Optical images of the peel off process of wrinkled NCG 
fi lms from sapphire substrates.
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osteogenic differentiation of hMSCs on substrates T 2 , T 3 , and 
T 4  may originate from the nanotopographical features in appro-
priately wrinkled fi lms, these support a smaller interprotein 
aggregate spacing and a higher local concentration of adhesion 
proteins. In this regard, we note that the hexagonal wrinkles 
have a longer range periodicity compared to the telephone cord 

wrinkles in the NCG fi lms, thus giving rise to a higher den-
sity of nanotopographical features per unit area. Numerous 
studies have reported the enhancement of stem cell differen-
tiation into specifi c cell lineages through surface topography–
induced physical stresses. [ 37–48 ]  A high surface adsorption of 
fi bronectin has also been directly correlated to an improved 

 Figure 7.    Mesenchymal stem cell differentiation on various NCG substrates. a) Representative images showing the osteogenic differentiation of the 
human mesenchymal stem cells (hMSCs) taken on day 7 and day 14. “Flat” indicates fl at NCG fi lm. T 2 –T 5  represent the NCG fi lms full of hexagonal 
wrinkles with various thicknesses. Telephone cord (TC) is the widely observed telephone cord wrinkled NCG fi lms from ST-cut substrates and its NCG 
thickness is ≈30 nm. All scale bars represent 20 µm. b,c) Corresponding protein intensity of the various biomarkers used to detect the differentiation 
of hMSCs on the different NCG fi lms: Runx2 and OPN (Osteopontin) for osteogenic (bone), PPARγ2 for adipogenic (fat), and Desmin for myogenic 
(muscle) differentiations. The * represents statistically signifi cant differences for  p -values < 0.01 based on the Student’s  t -test. All comparisons were 
made with respect to the b) Runx2 and c) OPN markers of wrinkled substrate T 2  (thickness ≈25 nm) on day 7 and day 14, respectively.
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osteoblast adhesion. [ 42,43 ]  Interestingly, recent work showed 
that a higher periodicity [ 43 ]  and a lower nanoscale height [ 49 ]  of 
surface topographical features play key roles in regulating the 
stem cell fate. Therefore, with the highest percentage of wrin-
kled regions per unit area (percentage of wrinkled and strained 
regions, 34.8% for T 2 , 29.3% for T 3 , and 26.4% for T 4 ) as well 
as enjoying a much longer range of the wrinkled features and 
lower nanoscale height, substrate T 2  is expected to enhance the 
adsorption of fi bronectin. Increasing the local concentration of 
adhesion molecules and proteins results in a denser packing 
of protein mules. Highly wrinkled fi lms may infl uence the 
signaling pathways activating the osteogenesis-related genes, 
resulting in osteogenic differentiation.   

  3.     Conclusion 

 Large-area hexagonal-shaped wrinkles were produced via the 
buckling–delamination of CVD NCG on single crystal sapphire 
substrates (0001). The generation of hexagonal-patterned wrin-
kles is correlated to its lower elastic energy in comparison with 
telephone cord pattern. Our elastic energy calculations pre-
dicted correctly the fi lm thickness, wrinkle heights, and stress 
release effi ciency in the hexagonal pattern. It is found that 
under the same stress condition ( σ  0 / σ  c  = 4.2) the elastic energy 
and average remaining stress of 30 nm thick hexagonal wrin-
kled fi lm are the lowest. We have also developed a high-fi delity 
transfer method for these wrinkled NCG fi lms onto arbitrary 
substrates, thus opening the possibility to deploy these corru-
gated fi lms in various applications. The surface wrinkles impart 
a high elastic section modulus (up to 8 GPa) on the NCG fi lm, 
suggesting its application as a shock absorber or pressure 
sensor. The wrinkled fi lms provide mechanical–topographical 
cues for the selective osteogenic differentiation of human mes-
enchymal stem cells in the absence of osteogenic inducer. This 
work successfully demonstrated the generation and application 
of highly periodic wrinkles on CVD growth fi lms for various 
technological applications.  

  4.     Experimental Section 
  Chemical Vapor Deposition of Thin Flat NCG Films and Its Buckling : 

Sapphire wafers (Al 2 O 3 ,  c -plane (0001)) were precleaned in oxygen 
atmosphere at 900 °C for 30 min to remove any contaminants in tube 
furnace. After cooling to room temperature, the system was purged with 
argon gas for 15 min and heated to 1000 °C within 30 min and held 
at that temperature for 5 min. Toluene solution (selected as the carbon 
source, and stabilized at 60 °C in circulator bath) was introduced by 
bubbling 8 sccm argon gas to start the growth. The growth was stopped 
at different times to control thickness and then cooled down to room 
temperature. Depending on the thickness of NCG fi lms, the wrinkle 
appeared at different time. For thick carbon fi lms (≥50 nm), the buckling 
occurred at the moment that the samples were taken out the tube. While 
for thinner NCG fi lms, it happened overnight. 

  Mesenchymal Stem Cell Culture : hMSCs (Lonza Inc.) were maintained 
in the hMSC growth medium (Lonza Inc.) supplemented with 1% 
penicillin/streptomycin (Invitrogen). Fibronectin of 50 µg mL –1  was 
coated on the various carbon substrates and ≈1000 cells cm –2  were then 
seeded onto the fi bronectin-coated substrates. DAPI was used to stain 
the nuclei of all stems cells while Runx2 and Osteopontin were used as 
the early and late osteogenic (bone) differentiation markers, respectively.  

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