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Extracellular matrix (ECM) has critical inﬂuence on cell adhesion and force generation, and has been wildly used
in tissue engineering scaﬀolds to promote cell growth and function. A uniform, precise and densiﬁed silicon
nanowires (Si-NW) array was fabricated to investigate the dynamics of cell traction force (CTF) modulated by
ECM at submicron spatial resolution. The CTF result suggested that the time slot from 6 h to 24 h was critical for
ﬁbronectin to enhance CTF generation. Fibronectin also increased the formation of the cellular membrane-bound
focal adhesion (FA), and the enhancement pattern of CTF and FA due to ﬁbronectin modulation were highly
similar. Meanwhile, the trends of CTF and FA dynamics in either the ﬁbronectin modiﬁed or the bare Si-NW
array were coordinated with each other, respectively. These results identiﬁed that the consistency of FA formation and CTF generation lasted for as long as dozens of hours. In addition, the eﬀective modulation slot of the
external ECM was within 36 h, revealing the existence of a balanced time point for the self-secreted ECM to pull
up with the externally added ECM after the cells started to grow on the scaﬀolds. The inﬂuence of data sampling
on CTF measurement was also evaluated. This investigation provides important information for the understanding of the CTF derivation dynamics and the design of ECM modiﬁed tissue engineering scaﬀolds.

1. Introduction
Biomedical scaﬀolds and implants have been widely applied in research and clinical ﬁelds. To guarantee their proper function in the
body, adequate cell adhesion to the scaﬀold and implants is vitally
important. Extracellular matrix (ECM) plays a critical role in cell adhesion, development and functionality. ECM not only serves as the
substrate for cell anchorage, but also provides suitable physical microenvironment for the cells to grow and play their functions [1,2]. The
structure, elasticity, chemical composition and mechanical properties
have all been reported to enhance the cell survival, growth, sensing,
response, and communication with the substrate and neighboring cells
[3,4]. Fibronectin is a major component of ECM and extensively expressed by multiple cell types, mediating a wide variety of cellular

interactions with the ECM [5]. It has been found to be very eﬀective in
enhancing the cell adhesion and regeneration on the artiﬁcial matrix or
implants in vitro or in vivo for biomedical engineering purposes [6].
Gradually it is routine to modify the artiﬁcial scaﬀolds or matrices with
ﬁbronectin to enhance cell adhesion and promote cell development in
biomedical applications [7].
Cells adhere to the ECM via focal adhesion (FA), the specialized sites
on the cell membrane at the end of intracellular bundled and crosslinked actin stress ﬁber networks [8,9]. At the site of FA, integrins
cluster into supramolecular complexes with structural proteins including talin, vinculin, and paxillin (Fig. 1). These proteins form the
structures of FA, which have diverse functional connections with cell
sensing of the environment and the cellular signal pathways [10]. Upon
adhesion to the ECM, cells will generate cell traction force (CTF) via
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Fig. 1. The study of ECM modulation eﬀect on
CTF and FA. (a) MC-3T3 cells adhere to the
highly ordered and dense Si-NW array substrate, and the Si-NW bent due to the CTF
generated by the MC-3T3 cells. (b) The formation of FA and crosslinked actin stress ﬁbers
on ECM modiﬁed substrate. (c) The detailed
information of FA and actin ﬁbers.

measure the contraction of the neural growth cones [48]. Each method
has speciﬁc advantages and disadvantages. To understand further the
mechanisms underlying the crosstalk of ECM, CTF and FA, deeper explorations are still necessary.
In this work, we studied the inﬂuence of ECM on CTF and FA at
submicron level by directly culturing osteoblast MC-3T3 cells on the SiNW array substrate with or without ﬁbronectin modiﬁcation. Wellaligned and uniform Si-NW array with high-density and accuracy was
fabricated for direct cell culture (Fig. 1). The CTF were characterized by
measuring the content of NW bending due to the pull of the cells in the
culture process at 2 h, 6 h, 12 h, 24 h, and 36 h, respectively. The CTF
measured from the ﬁbronectin modiﬁed Si-NW array were signiﬁcantly
higher than those measured from bare Si-NW array from 6 h to 24 h.
Fibronectin also increased the formation of FA. The enhancement pattern of CTF induced by ﬁbronectin was in accordance with that of FA in
the entire 36 h culture. Meanwhile, the trends of CTF and FA dynamics
in either the ﬁbronectin modiﬁed or the bare Si-NW array were also
coordinated with each other, respectively. The inﬂuence of data sampling on CTF measurement was also evaluated. This study provided
valuable information for the understanding of the CTF derivation dynamics and the design of ECM modiﬁed tissue engineering scaﬀold.

contraction of the actin cytoskeleton and transmit this force via FA to
the underlying substrate [11]. The change of CTF can regulate the cytoskeleton structure, activate multiple signalling pathways and determine the fate of cells in vitro [12]. It has been shown that FA are
stimulated to grow after the application of a local external force [13].
It's also reported that the force applied at FA determined their assembly
via actomyosin contraction on a time scale below seconds. The force
direction correlated with the main axis of the FA's elongation, and the
measured forces were linearly related to the total ﬂuorescence intensity
of GFP–vinculin [14]. Recently, Sarangi et al. found that the FA internal
forces at molecular scales coordinated with the CTF exerted at the cellsubstrate interface to regulate FA organization and dynamics [15]. ECM
stiﬀness can modulate FA sensing to guide durotaxis through a speciﬁc
pathway downstream of FAK [16,17]. ECM ligands and rigidity not only
impact cell-ECM traction but also alters cell–cell tension [18]. On the
other hand, CTF can induce the unfold of ﬁbronectin in the ECM of
living cells to alter outside-in cell signalling [19], or induce ﬁbrillogenesis and guide the direction of developing ﬁbril [20].
In conclusion of the above mentioned reports, there exists complicated crosstalk among ECM, CTF and FA. However, the mechanisms are
still not fully elaborated. One of the most important reason is the inconvenience to do cell force measurement. The conventional technologies capable to do cell force measurement include atomic force microscopy, optical tweezers, micropipettes, and ﬂow chambers [21–25].
Benoit and Wang et al. respectively designed mechanically and genetically combined approach to measure the single molecular forces
which were at pico-Newton level [26,27]. Nevertheless the most prevalently employed CTF measurement approaches have been the polydimethylsiloxane (PDMS) ﬁlms containing ﬂuorescent beads or PDMS
microposts / micropillars / microcolumns with or without ﬂuorescently
marked tops [28–36]. Meanwhile, ordered inorganic nanowire array
have also been developed because they have better resolution [37–39].
Silicon (Si), which has good biocompatibility, is an optimal candidate.
The fabrication technologies of Si nanostructures have been well developed [40–42]. Silicon nanowire (Si-NW) have been demonstrated as
unique probes for quantifying biological processes at a high spatial
resolution [43,44]. In addition, the high Young's modulus and aspect
ratio of Si-NW guarantee their bending without stretching under lateral
force. Therefore, the obtained results were precise and reliable. By
measurement on Si-NW, HeLa and L929 cancer cells were found to have
signiﬁcantly larger CTF than normal cells, and they were all at microNewton level [45]. Recently, Sahoo et al. developed a InP NWs array to
investigate the enhanced adhesion of single bacterium after bioﬁlm
formation [46]. Also, Adolfsson et al. developed ﬂuorescent GaP-GaInP
NWs heterostructures that could precisely determine the NWs position
with respect to cells [47]; Hallstrom et al. employed GaP NWs array to

2. Experimental section
2.1. The fabrication of the Si-NW array
The fabrication process was schematically shown in Fig. S1. First a
layer of photoresist was deposited on the Si wafer, then ordered pits
array were made on the photoresist by electron beam lithography
(EBL). The diameter of the pits was set to be 250 nm, and the spaces in
between to be 700 nm. Then a layer of Ni ﬁlm with 100 nm thickness
was deposited on the wafer. After the photoresist was removed and the
metal ﬁlm was lift-oﬀ, the wafer was left with array of Ni nano-cylinders. The Ni nano-cylinders worked as etching masks in the following
Bosch process to produce Si-NW array. Finally, the remnant Ni metal
was removed by sulfuric acid, hydrogen peroxide, and deionized water
mixed solution.
2.2. The culture of MC-3T3 cells on the Si-NW array
MC-3T3 osteoblasts were cultured on the bare and ﬁbronectinmodiﬁed Si-NW array for CTF measurement in these two diﬀerent
conditions. The wafer with aligned Si-NW array was cut into small
pieces and put in 96 well plates. They were sterilized by immergence in
75% medical standard ethanol for 2 h and then exposed to a high-dose
UV light for 2 h. After sterilization, the pieces with aligned Si-NW array
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were rinsed by deionized water (DI water) 3 times. Then the Si-NW
were immersed in the ﬁbronectin solution (human ﬁbronectin, 50 μg/
mL in deionized water; Sigma-Aldrich Co. LLC Natick, MA 0176, USA)
for 12 h, and then rinsed by PBS for 3 times. This made the ﬁbronectinmodiﬁed Si-NW. The bare Si-NW were immersed in PBS for 12 h before
use. MC-3T3 cells were seeded into the 96 well plate at a density of
3000 cells per well. After culture, the Si-NW samples were taken out of
cell culture medium and the cells attached on them were ﬁxed with 4%
paraformaldehyde (in 1 × PBS) for 2 h and then further rinsed three
times with PBS buﬀer. They were further immersed in 1% chlorauric
acid (in DI water) for 2 h for contrast enhancement. Then the cells were
dehydrated in a series of ethanol solutions (25, 50, 75, 90, 95, and
100 v/v %) for 5 min each sequentially, and observed under SEM.

measurement. In previous studies whereas the diameters of the NW was
less than 100 nm or with sharp tips [49], the cells were often found to
be penetrated [50] or deformed down to the bottom of the NW [51],
causing holes or membrane folds in the cells [52,53]. These may impair
cell division, reduce cell motility or cause irregular nuclei. In our NW
array, however, the diameter of the NW was averagely 267 nm, and the
tops of the NW were ﬂat. These features supported the cell growth
much better, because a large ﬂat substrate made better anchor for the
cells and produced less stress to them. In addition, the NW density was
up to 4 NW per μm2. It's been reported that cells represented much less
irregular nuclei on the 4 NW per μm2 array than those with a lower
density [54]. Therefore our Si-NW array brings in many advantages for
cell culture and CTF measurement.

2.3. The measurement of CTF using the Si-NW array

3.2. MC-3T3 CTF measurement on the Si-NW array

The displacement of each single NW tip from its original position
was measured from the top-view SEM image using software Image-Pro
Plus 6.0, and the displacements were used to derive the CTF parallel to
the substrate (Fig. S2). Finite Element (FEM) simulations were carried
out to derive the relationship between the tIp displacement and the
corresponding applied CTF. The FEM simulation was based on COMSOL
package including nonlinear mechanical eﬀects. The shape of the Si-NW
was modelled as a pole with a diameter of 267 nm and length of
3315 nm, in accordance with the SEM characterizations. The mechanical properties for silicon were set as follows: Young's modulus
E = 150 GPa [45], Poisson's ratio= 0.278, and the density
ρ = 2330 kg/m3. The calculated curve was shown in Fig. S2. In a large
displacement range, a linear ﬁt worked well for CTF calculation: CTF
(μN) = 4.13 (μN/nm) × displacement (nm). Throughout our experiment, the displacements of the NWs tips were within the linear range,
therefore the CTF were derived using the above equation in this study.

The SEM images of the osteoblasts cultured on the bare Si-NW array
(control) and ﬁbronectin-modiﬁed (Fn) Si-NW array for 6 h were shown
in Fig. 3a-b. The displacements of the Si-NW tops in the ﬁbronectin
group were evidently larger than those in control group. Because no
diﬀerence between the control and experimental group existed other
than the presence of ﬁbronectin, it directly demonstrated that the exerted CTF were stronger at the presence of ﬁbronectin. A linear ﬁt was
obtained for CTF calculation: CTF (μN) = 4.13 (μN/nm) × displacement (nm), which worked well throughout our experiment. Fig. 3c
showed the modelled force ﬁeld and the spatial distribution of the CTF
of a single MC-3T3 cells. The distance between the CTF vectors was as
short as about 700 nm, achieving the submicron level. This Si-NW array
enabled measurement with high-resolution, which is demanded for CTF
measurement [29].
3.3. The dynamics of CTF in 36 h on the bare and ﬁbronectin-modiﬁed SiNW array

2.4. Immune-ﬂuorescent staining of the FA
The CTF of the MC-3T3 cells in the 36 h culture were measured and
recorded. There were 15 ~ 24 cells analysed for each group at each
time point. For each cell, 3 ~ 41 NWs were measured for their tip
displacement and calculated for the corresponding CTF. Totally there
were 180 ~ 518 NWs measured in each group. Fig. 4a-1 was the time
dependent CTF line plot of the ﬁbronectin and control group
(Average ± SE), and Fig. 4a-2 was the boxplot, with the p-value of twotailed t-test of each pair marked on. At 2 h after seeding the cells, the
CTF on the bare control Si-NW were the same as those on the ﬁbronectin-modiﬁed ones. At 6 h, the CTF became greatly larger on the
ﬁbronectin-modiﬁed Si-NW. At 12 h, the signiﬁcant diﬀerence was
sustained. However, at 24 h, the CTF on the ﬁbronectin-modiﬁed Si-NW
became signiﬁcantly smaller than on the control. Finally at 36 h, the
CTF on the two groups became the same again. The average CTF of each
group were in a range from 2.08 ± 0.03 μN to 2.71 ± 0.03 μN.
In Fig. 4a, up to 41 NWs derived CTF in a single cell were included
for data analysed. This made the variance relatively large. We in further
narrowed the range of data sampling, by allowing only the largest 5–8
CTF values for each cell in a certain group to make the total number of
CTF in each group controlled within 102–120. As shown in Fig. 4b, the
diﬀerence among the ﬁbronectin and control group were kept the same
except for the 24 h (marked with blue rectangles). The CTF in the ﬁbronectin-modiﬁed group was still signiﬁcantly smaller than the control
group, but the probability that the CTF of the Fn group was not suﬃciently smaller than that of the control group became larger, as indicated by the increased p values [55] (p value increased from
2.9 × 10−10 to 6.1 × 10−3). The average CTF of each group were in a
range from 2.50 ± 0.05 μN to 3.46 ± 0.05 μN. At last, we analysed
only the largest 20 CTF in each group, as shown in Fig. 4c. The average
CTF of each group were in a range from 3.29 ± 0.06 μN to
4.31 ± 0.07 μN. At this time, the CTF of the ﬁbronectin-modiﬁed
group became signiﬁcantly higher than the control group

The FA was stained with mouse anti-mouse vinculin primary antibody, and then with the green ﬂuorescent donkey anti-mouse IgG
secondary antibody. The deﬁned bright green dots or bunches represented the formation of FA. The cytoskeleton F-actin were stained
red with Alexa Fluor® 568 Phalloidin, and the nucleus were stained blue
with DAPI.
2.5. Statistical analysis
The CTF measured in each group was shown as Average ± SE in the
plots. The p-value was calculated using two tailed T-test.
3. Results and discussion
3.1. The Si-NW array for cell culture and CTF measurement
The fabricated dense and uniform Si-NW array is shown in Fig. 2a-d.
The diameter of the NW was measured to be 267 ± 9 nm; the space
between the centers of each NW was 687 ± 23 nm; and the length of
the NW was 3315 ± 24 nm (n = 30). The extremely small variance in
the diameter and height of the NW ensured a deﬁned and precise
measurement of the CTF. In addition, the density of the Si-NW array
reached 4 NW per μm2 (Fig. 2b). The cells adhere and grew well on top
of the Si-NW array, spreading into spindle-like shapes at 12 h (Fig. 2e).
The cells grew on top of the Si-NW array, showing no deformation or
sinking into the bottom of the NW, or penetration by the NW; some NW
underneath the cell margin was bent by the CTF (Fig. 2f). Very occasionally some part of the cellular skeleton structure collapsed at the cell
margin area, and these parts were excluded from CTF measurement
(Fig. S1b).
This fabricated array is highly beneﬁcial for cell growth and CTF
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Nano Energy 50 (2018) 504–512

H. Feng et al.

Fig. 2. (a) Top view of the Si-NW array for cell
culture and CTF measurement. The inset of (a):
the diameter of the NW was 267 ± 9 nm
(n = 30). (b) The zoom-in top-view; the density of the array was 4 NW per μm2. (c–d) The
bird's eye-view and side-view, and the length
of the NW was 3315 ± 24 nm (n = 30). (e)
The cells spread and grew into spindle-like
shapes at 12 h. The cells grew on top of the SiNW array, showing no deformation or sinking
into the bottom of the NW, or penetration by
the NW. (f) Tilt 30゜ of the cells growing on
the Si-NW array. Some NW underneath the cell
margin were bent due to the CTF.

(p = 6.9 × 10−4). The comparisons at other time points were still the
same: there were no diﬀerence between the two groups at 2 h and 36 h;
but at 6 h and 12 h, the CTF in ﬁbronectin group was signiﬁcantly larger
than the control. The data variance become much smaller. From Fig. 4a
to c, it's shown that the data sampling of the eﬀective CTF (details were
listed in Table S1) had important inﬂuence on the characteristics of the
cells’ mechanical property. At critical time points, the results may even
be reversed by diﬀerent data sampling. The distributions of the CTF
were shown in Fig. S3. The inﬂuence of data sampling on the CTF
distributions were the same as those on the CTF values.

FA was normalized to the cell area for comparison between diﬀerent
time points. The trends of the FA area and FA number percentage were
also very similar to each other (Fig. 5e–f). The FA area and number
percentage of the ﬁbronectin groups were signiﬁcantly higher than
those of the control groups at 6 h, 12 h, and 24 h (p < 0.01). But they
were the same at 2 h and 36 h (p > 0.05). The p-values of each group
were listed in Table S2.

3.4. The dynamics of FA in 36 h on the bare and ﬁbronectin-modiﬁed
substrate

Fig. 5g-h showed the dynamics of CTF and FA area percentage together in the control and ﬁbronectin-modiﬁed group, respectively
(n = 20). The trends of the CTF and FA dynamics were consistent with
each other in both groups. In the control group, the CTF went ﬁrstly
downwards and then upwards, which gradually returned to the beginning level. It's the same case with FA area percentage (Fig. 5g). In
the ﬁbronectin group, the CTF went ﬁrstly upwards and then downwards, which also gradually returned to the beginning level. The FA
area percentage went also in this trend (Fig. 5h). The data sampling of
CTF didn’t inﬂuence this corelation. With all the CTF data included, the
CTF and FA dynamics were still quite concordant (Fig. S6). Previous
studies have reported that the force applied at FA determined their
assembly via actomyosin contraction on a time scale below seconds
[14]. Here we discovered that the correlation between the CTF and FA
lasted for as long as 36 h, going through every period of the cells, including adhesion, spreading, growth, proliferation, and mitosis.

3.5. The concordance of the CTF and FA in the 36 h: the dynamics

The inﬂuence of ﬁbronectin on the FA formation was also monitored. The immune ﬂuorescent staining showed that cells on the ﬁbronectin-modiﬁed substrate had more and larger FA than those on the
bare substrate, and the area of the cell on the ﬁbronectin-modiﬁed
substrate were also obviously larger than the control (Fig. 5). The FA
ﬂuorescent images in the entire 36 h were recorded (Fig. S4), and the
precise cell area, FA area and FA numbers of each cell were quantitatively measured using Image-Pro Plus 6.0. For each group at each time
point, 15–30 cells were analysed. The trends of the cell area (Fig. S5),
FA area and FA count (Fig. 5c-d) were very similar with each other.
They were all signiﬁcantly higher in the ﬁbronectin group than the
control group (p < 0.05). As the cells grew and expended their area
during the process, the area and numbers of the FA in each cell increased accordingly. In this case, the measured area and number of the
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Fig. 3. The SEM images of osteoblast MC-3T3 cells on the bare (a) and ﬁbronectin-modiﬁed (b) Si-NW after 6 h culture. (c) The modelled force ﬁeld of a single MC3T3 cell according to the displacement of the Si-NW tips. The inset of (c-1) was the SEM image of the cell (scale bar 15 µm), and the inset of (c-2) was the bending
conﬁguration of a single NW.

However it can still be employed as a reference, because the NW array
well supported the growth of the MC-3T3 cells.

3.6. The concordance of the CTF and FA in the 36 h: the enhancement
pattern
Comparing Fig. 4a-c with Fig. 5e-f, the enhancement pattern of the
CTF and FA formation due to ﬁbronectin modulation were also highly
coordinated with each other (see also in Fig. S7). After the enhancement from 6 h to 24 h, the CTF in the ﬁbronectin group ﬁnally returned
to the same level as control at 36 h, which was the same situation as the
beginning (2 h). The FA area percentage of the ﬁbronectin group was
also signiﬁcantly higher than the control group in large part of the
duration but was the same as control at the beginning (2 h) and the end
(36 h). This enhancement pattern had a possible mechanism lying in the
proliferation time of MC-3T3. The accurate growth curve of MC-3T3
cells was obtained by seeding 7.5 × 106 cells in 75 cm2 culture plates at
the same density of those growing on the Si-NW array in 96 well plate
(3000 cells in 0.32 cm2 wells). The cell numbers were counted at different time points, and the time for the cell number to double was found
to be around 30 h, between 24 h and 36 h (Fig. S8). At the beginning,
2 h, there was no diﬀerence between ﬁbronectin-modiﬁed and control
group, because the cells had just started to adhere to the substrates, and
had no response to the ﬁbronectin as ECM. At 36 h, it's most probably
that during a cycle of mitosis, the cells had expressed and secreted
enough endogenous ECM to rival the exogenous supplied ﬁbronectin.
As the beginning of a new cycle, the FA and CTF started with a same
level in the ﬁbronectin-modiﬁed and control group. The growth curve
was obtained with cells growing on the culture plate, therefore the
double time may not be exactly the same as those on the NW array.

3.7. The proper timeslot of ECM modiﬁcation
In cell and tissue engineering ﬁeld, the modiﬁcation of the scaﬀolds
with ECM is a routine procedure. However, ECM modiﬁcation can
produce both positive and negative roles for cell adhesion. For example,
reduced cell extension or even induced apoptosis could be achieved by
using micropatterned substrates with very small ECM islands (less than
10 µm2 each) [56]. Therefore proper and precise ECM modiﬁcation
protocol may be more critical than normally considered. Here our
ﬁndings indicated that the time slot for ECM existence was very important. If enhanced cell adhesion or modulation from the substrate is
desired in long-term, for example longer than 36 h, additional ECM
modiﬁcation may be required.
3.8. The importance of data sampling for CTF measurement
The data sampling brought in some diﬀerence at 24 h for CTF
measurement. With all CTF data included, the ﬁbronectin group was
signiﬁcantly smaller than the control group at 24 h, which was not
consistent with the FA percentage. If only the largest 20 CTF were included, the ﬁbronectin group was signiﬁcantly higher than control at
24 h, which was consistent with the FA percentage. Because previous
studies have reported that the CTF stimulated the FA formation, and the
CTF values correlated with the total ﬂuorescence intensity and area of
508
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Fig. 4. (a) The line-plot and boxplot of the MC-3T3 CTF dynamics in 36 h on the control and ﬁbronectin-modiﬁed Si-NW array, with all the measured CTF from single
NW included (n = 180–506). (b) The line-plot and boxplot of the MC-3T3 CTF dynamics in 36 h on the control and ﬁbronectin-modiﬁed Si-NW array, with only the
5–8 largest CTF from one cell included (n = 102–120). (c) The line-plot and boxplot of the MC-3T3 CTF dynamics in 36 h on the control and ﬁbronectin-modiﬁed SiNW array, with only the 20 largest CTF from each group included (n = 20).

number of largest CTF varied from 5 to 8 according to the numbers of
measurable cells in each group. In the third try, we investigated only
the highest 20 CTF in a group, with no regard of the number of CTF per
cell.

GFP–vinculin at the respective FA [13,14], it can be deduced that the
sampling of the largest 20 CTF was better at representing the cell's
mechanical properties. Although in a single cell, dozens of CTF can be
obtained, the sampling of all measurable CTF may not be the optimized
indicator to reﬂect the cells’ features. Because the many relatively
smaller CTF in a “higher” group may mix up with the relatively “larger
CTF” in a “low” group, making the diﬀerence vague or even reversed.
It's worthy to mention that we were not doing “cherry-pick” during
the data analysis, but followed an honest and understandable standard.
Because there have been no established criteria how much CTF should
be included for each cell, we tried to ﬁnd out which data can best represent the most critical feature of a cells’ mechanical property. In the
ﬁrst try, we included all the measured CTF to do statistical analysis
between the control and Fn groups at each time point. The n varied in
each group because for each cell, the number of measurable CTF was
diﬀerent. In this try, we presented all the original data. In the second
try, we decreased the number of CTF in each cell for statistical analysis.
We wanted to ﬁnd out what's the situation when only the few largest
CTF in each cell were included. The number of measurable CTF in each
cell was diﬀerent, which we believe was a natural state of the cells and
shouldn’t be interfered. That's why we didn’t choose to include the same
number of cells and the same number of CTF per cell, but choose to
adjust the total number of CTF in each group to be within 102–120. The

4. Conclusions
In this study, we reported a high-uniform and precise Si-NW array
for CTF measurement. This array had a NW density of 4 µm−2, and the
NW had diameters of 267 nm and ﬂat tops. These features were very
beneﬁcial for cell culture and CTF measurement. The CTF measured
from the ﬁbronectin modiﬁed Si-NW array were signiﬁcantly higher
than those measured from the bare Si-NW array from 6 h to 24 h, revealing the importance of this duration for ﬁbronectin to play the
modulation role. The enhancement pattern of CTF induced by ﬁbronectin modiﬁcation was in accordance with that of FA percentage in
the entire 36 h culture. Meanwhile, the respective trends of CTF and FA
dynamics were also coordinated with each other. In addition, larger
CTF quantiﬁed from the numerous single Si-NW were found to be better
at reﬂecting a cell's mechanical property. These results identiﬁed that
the consistency of FA formation and CTF generation lasted for as long as
dozens of hours. In addition, the eﬀective modulation slot of the external ECM was within 36 h, revealing the existence of a balanced time
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Fig. 5. (a–b) The ﬂuorescent images showing the structures of cells growing on the control and ﬁbronectin-modiﬁed Si substrate after 6 h culture: FA (1), enlarged
image of a single cell's FA (2), and the merged structures of FA, cytoskeleton F-actin and nucleus (3). (c, d) The measured FA area and FA counts in both Fibronectin
and control groups in the 36 h culture, using Image-Pro Plus 6.0 (Average ± SE). (e, f) the analysed results of the FA count percentage (per cell area), and the FA area
percentage (per cell area). (g, h) The line-plot showing CTF and FA area percentage dynamics together for the control and ﬁbronectin group respectively.

measuring the periphery of cells, it didn’t inﬂuence much on the CTF
detection. Previous studies using transparent polymer nanopillar array
for real-time measurement has demonstrated that the most of the
measurable CTF located at the periphery of the cells [59,60]. Also,
studies using quartz nanopillar substrates for CTF measurement revealed that the CTF at the edge of the cells were much stronger than
those at the centeral part of T cells by exploring the cross-sectional CTF
distribution [61]. Therefore our Si-NW array could serve as a superb
tool for CTF measurement. This study provided valuable information
for the understanding of the CTF derivation dynamics and the design of
ECM modiﬁed tissue engineering scaﬀold.

point for the self-secreted ECM to pull up with the externally added
ECM after the cells started to grow on the scaﬀolds.
To our knowledge, it was up to now one of the few approaches to
reach submicron resolution in determining the force ﬁeld of cells. The
merits of high resolution CTF measurement can be analogically regarded as single cell studies such as single cell sequencing. Studying
cells at the single-cell level solves the problems of organ or cell community heterogeneity, as well as oﬀers unique opportunities to dissect
the interplay between intrinsic cellular processes and extrinsic stimuli
[57,58]. Similarly, CTF measurement at high resolution can distinguish
CTF at diﬀerent parts of a single cell and oﬀers unique information
about the cellular responses and development. Because of the high
density of the NWs, detailed information of the spatial distribution of
the CTF was obtained. This not only prevented the cells from sinking to
the array bottom, but also allowed the measurement of large amount of
CTF. Eventually it became better at detecting the largest CTF, which
were more critical to reﬂect a cell's mechanical property than the ordinary ones. Although the Si-NW array had the shortage of only
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