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ABSTRACT

Cell adhesion to extracellular matrices (ECM) is critical to physiological and pathological processes as well as biomedical and
biotechnological applications. It has been known that a cell can adhere on an adhesive microisland only over a critical size. But no
publication has concerned critical adhesion areas of cells on microislands with nanoarray decoration. Herein, we fabricated a
series of micro-nanopatterns with different microisland sizes and arginine—glycine—aspartate (RGD) nanospacings on a nonfouling
poly(ethylene glycol) background. Besides reproducing that nanospacing of RGD, a ligand of its receptor integrin (a membrane
protein), significantly influences specific cell adhesion on bioactive nanoarrays, we confirmed that the concept of critical adhesion
area originally suggested in studies of cells on micropatterns was justified also on the micro-nanopatterns, yet the latter exhibited
more characteristic behaviors of cell adhesion. We found increased critical adhesion areas of human mesenchymal stem cells
(hMSCs) on nanoarrayed microislands with increased RGD nanospacings. However, the numbers of nanodots with respect to the
critical adhesion areas were not a constant. A unified interpretation was then put forward after combining nonspecific background
adhesion and specific cell adhesion. We further carried out the asymptotic analysis of a series of micro-nanopatterned surfaces to
obtain the effective RGD nanospacing on unpatterned free surfaces with densely grafted RGD, which could be estimated nonzero
but has never been revealed previously without the assistance of the micro-nanopatterning techniques and the corresponding

analysis.
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1 Introduction

Cell adhesion to the extracellular matrix (ECM) is key to a
series of cellular events that govern the fate of cells, which
plays a dominant role in mediating and regulating other cellular
processes including but not limited to cell spreading, migration,
bidirectional signaling, and wound healing [1, 2]. In other
words, cell adhesion to an ECM or a biomimetic material
provides further cues that determine cell functionality and
fate [3-7], and thus a comprehensive understanding of cell
adhesion is of much importance [8-12].

Different from a physiochemical adhesion, cell adhesion is a
biological event, which involves outside-in signal transduction,
association with the actin cytoskeleton, and assembly of focal
adhesion (FA) plagues [13, 14]. In particular, specific cell
adhesion is triggered by ligand-receptor binding [15, 16]. The
receptors are recruited to the plasma membrane surface,
triggering the FA plaques that connect the cytoskeleton to further
stabilize the adhesion [17-19]. While the transmembrane
protein integrin constitutes the main pertinent receptor family
[20-23], the most well-known ligand is a triplet amino acid
sequence of arginine-glycine-aspartate (RGD) [24-28].

Thanks to the development of nanopatterning techniques,

it has been recognized that RGD nanospacing is critical for
specific cell adhesion [29-39], and cells can adhere well only
on a surface with a relatively small RGD nanospacing [40-44].
Nevertheless, it does not mean that extremely small nanospacing
is necessary for excellent cell adhesion. Even an unpatterned
free surface with very dense RGD grafting might not correspond
to a “zero” RGD nanospacing, because of not only the sizes of
RGD ligands for steric hindrance but also the effective lateral
distance of such ligands for collectively transducing signals
from outside to inside of a cell. However, no one has revealed
the exact effective RGD nanospacing for an unpatterned surface
with a dense self-assembled monolayer of RGD ligands. Herein,
we will discover this “hidden” value assisted by the micro-
nanopatterning techniques and the corresponding analysis
based on the concept of critical cell adhesion areas.

Besides nanopatterning, micropatterning is also a unique
tool for fundamental studies of interactions between cells and
materials [45-54]. In particular, cells were found to adhere on
adhesive microislands only over a critical size [55, 56]. Owing
to the development of patterning techniques, some micro-
nanopatterns have also been fabricated for cell studies [57-61].
However, to the best of our knowledge, the fundamental research
of critical adhesion areas has so far been carried out only for
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microislands, and there has been no report about critical
adhesion area of cells on micro-nanopatterns.

Herein, we addressed some fundamental questions of cell
adhesion on biomaterials with nanofeatures and tried to
prepare a series of hybrid patterns with different microisland
sizes and RGD nanospacings, as schematically presented in
Fig. 1(a). We ever defined the term of “critical adhesion area” of
individual cells on micropatterned surfaces [56, 62]. Now we
would like to examine whether or not the concept of a critical
area for adhesion of cells is justified on micro-nanopatterned
surfaces, and if yes, whether or not this critical area depends
on RGD nanospacing; further if yes, is it possible to explore
the underlying critical area of a cell free on an unpatterned
surface based on the asymptotic analysis of the critical area on a
series of micro-nanopatterns? We hypothesized two characteristic
sizes of adhesive microislands for cell adhesion on micro-
nanopatterned surfaces, as schematically illustrated in Fig. 1(b).
The critical adhesion area denoted as A* (or Aci) refers to a
single cell from non-adhesion to adhesion on microislands, and
the critical area of cells from single cell adhesion to multi-cell
adhesion is defined as Ac..

As the receptor of the RGD ligand, an integrin molecule is
approximately 8-12 nm [63, 64]. If thiol-end RGD agents are
linked to a pre-fabricated pattern of fixed gold nanodots with
diameters less than 10 nm, the RGD nanoarray can thus well
control the eventual integrin array in the cell membrane, and
finely regulate cell adhesion on a molecular level. Herein we used
a unique micro-nanopatterning technique to enable exploration
of the relationship between the critical adhesion area of
individual cells and the number of integrin-ligand bindings.
Mesenchymal stem cells (MSCs) are an important cell type
with rich cell behaviors following cell adhesion on biomaterials
[65-70]; in the present study, human MSCs (hMSCs) were
employed as the model cells to examine cell adhesion on
patterned surfaces.
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Figure 1 Schematic illustrations of the basic scientific questions and key
terms. (a) Micro-nanopatterns and micropatterns of tunable microisland
sizes and RGD nanospacings to control cell adhesion. (b) Critical adhesion
areas of individual cells on adhesive nanoarrayed microislands with
nonfouling background.

2 Experimental

2.1 Fabrication of micro-nanopatterns

The main stages to fabricate the micro-nanopatterns are
schematically represented in Fig. 2(c), where we combined
block copolymer micelle nanolithography for nanopatterning
(Fig. 2(a)), photolithography for micropatterning (Fig. 2(b)),
and hydrofluoric acid (HF) etching.
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First, block copolymer and gold precursor were dissolved
in toluene to form a micelle suspension, which was then
dip-coated onto glass to form a self-assembled monolayer. A
treatment of oxygen plasma onto the hexagonal micelle array
was carried out to remove the block copolymer template and
simultaneously reduce the gold acid, resulting in an ordered
gold nanoarray (Fig. 2(a)). The preparation process of nano-
patterns followed the basic principle of bottom-up. The
experimental parameters for the nanopatterning are listed in
Table S1 in the Electronic Supplementary Material (ESM).

Then the nanopatterned glass was spin-coated with a photo-
resist, covered with a designed micropattern photomask
and subsequently exposed to ultraviolet (UV) light. After
using HF/NHLF buffer solution to etch the uncovered region,
a micropattern with Au nanodots sparsely arrayed within
microislands was generated on the glass. The preparation
process of micro-nanopatterns followed the basic principle of
combination of bottom-up and top-down (Fig. 2(a)).

We used the same photomask with transparent regions of varied
sizes to prepare micropatterns with different microisland areas.
The preparation process of micropattern is shown in Fig. 2(b),
and the strategy adopted was top-down.

In order to provide a nonfouling background, the glass
substrates with all kinds of patterns used in our research were
immersed into a silane solution of poly(ethylene glycol) (PEG).
Finally, the cyclic peptide c(-RGDfK-)-thiol (f: D-phenylalanine,
K: L-lysine; Peptides International), which was originally suggested
and synthesized by Kessler group [71, 72], was used as the
bridge between gold nanodots on glass slides and integrins at
cell surface.

2.2 Cell surfaces and

immunofluorescence

culture on patterned

hMSCs were seeded on the patterned surfaces for 24 h and
then gently rinsed with phosphate buffer saline (PBS) and
fixed with 4% paraformaldehyde. After permeabilized with
0.1% Triton X-100, the cells were blocked with 5% bovine
serum albumin (BSA) in PBS to avoid nonspecific protein
staining. Then, cells were incubated with a primary antibody,
mouse monoclonal anti-vinculin primary antibody (Santa
Cruz Biotechnology), overnight at 4 °C, followed by triplicate
rinse with PBS. Next day, the cells were labeled with an Alexa
Fluor 488-conjugated goat anti-mouse second antibody
(Invitrogen) at room temperature for 2 h. Then, cells were
incubated with phalloidin-TRITC (Sigma) for the staining of
filamentous actins (F-actins), and the corresponding dyeing
time was about 30 min. At last, cells were incubated with
4',6-diamidino-2-phenylindole (DAPI, Sigma) for 10 min to
show nuclei. For cell counting, the nuclei of hMSCs were
labeled with DAPI to reveal the cell number.

The fluorescently stained cells were observed with an
inverted fluorescence imaging system (Axio Observer Z1, Zeiss)
mounted with a charge-coupled device (CCD, AxioCam MR3,
Zeiss).

2.3 Spreading and suspending areas of hMSC cells
on an unpatterned free surface

We seeded hMSCs onto RGD-grafted micro-nanopatterns at
the density of 4 x 10° cells per well in six-well plates. After 12 h of
culture, we randomly selected 6 repeating units from 3 sample
surfaces for each kind of nanospacing to observe and analyze
hMSCs. For the comparison of characteristic areas of cells on
patterned and unpatterned surfaces, we also measured the
areas of free spreading cells on an unpatterned surface (Aspread)
and suspended cells (Asuspena) using the software Image-J. The
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Figure 2 The main steps to fabricate different types of patterns in this study. (a) Nanopatterning, (b) micropatterning, and (c) micro-nanopatterning.

measurement of Aspyread Was based on the bright-field images of
hMSCs seeded on tissue culture plates (TCPs) after 8 h. Most
cells have spread to common sizes with polygonal morphologies.

2.4 Statistical analysis

All of the data were presented as mean + standard deviation.
Statistical analysis was performed by one-way analysis of
variance (ANOVA) to evaluate the difference between indicated
groups. A statistical difference was regarded as significant
when p < 0.05.

3 Results

3.1 Fabrication of micro-nanopatterns

The sizes of the microislands could be adjusted by the sizes of
microdomains in a photolithography mask. We designed a
mask with round microdomains with diameters from 10 to 80 pm,
as shown in Fig. 3(a). Owing to the height difference generated
by HF etching between the microislands and their outside

regions, the micro-nanopatterns on the glass were visible under an
optical microscope (Axiovert 200, Zeiss, Germany) (Fig. 3(b)),
which brought us much convenience in the later experiments
to judge the success of micro-nanopattern fabrication and also
the availability of cell localization.

The size of the gold nanodots and spacing could be adjusted
by changing the chain length of the block copolymer, the
loading amount of the gold acid in the block copolymer
micelles, and the dip-coating velocity, with the corresponding
parameters listed in Table S1 in the ESM. We used a field-
emission scanning electron microscope (FE-SEM, GEMINI 500,
Zeiss, Germany) to observe the resultant micro-nanoarrays.
Figure 4(a) shows the FE-SEM images of Au nanoarrays inside
some micro-nanoislands and the regions outside the micro-
nanoislands where no Au nanodots exist. The average nano-
spacings of the ordered nanoarrays varied from 30 to 126 nm
in this study. The edges of the micro-nanoislands were sharp
and clear, as demonstrated in Fig. 4(b), where the lower right
image refers to the edge region of an unnanoarrayed microisland
of a micropattern as control. An atomic force microscope

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research
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Figure 3 Schematic presentation of the mask and the corresponding
experimental results. (a) Left: design of the photomask; right: detailed
design of each repeating unit of the photomask. (b) Bright field images
showing the microislands prepared by us with various sizes.

(a)

200 nm

50 100 150 200 250 300 350
Horizontal distance (nm)

Figure 4 (a) FE-SEM images showing gold nanodots within the
microislands (square images in the right column) and the background
region outside the gold-nanodot arrayed microislands (round image in
the right column). (b) FE-SEM images of a representative microisland
(left column), the edges of gold-nanodot arrayed microislands of three
micro-nanopatterns corresponding to three different nanospacings (right
column), as well as the edge of an unnanoarrayed microisland on a
micropattern as control. (c) Microscopic observations of nanopatterns by
AFM.

(AFM, Multimode 8, Bruker, USA) was used to determine the
sizes of the gold nanodots. A typical AFM image (800 nm x
800 nm) in Fig. 4(c) demonstrated a hexagonal gold nanoarray
with the height profile indicating that the sizes of the gold

Nano Res. 2022, 15(2): 1623-1635

nanodots were as small as 6-8 nm. In addition, the height
difference between the micro-nanoisland and the glass substrate
can be obtained by scanning large area (50 um x 50 um) with
AFM, as shown in Fig. S1 in the ESM. Using the AFM analysis
software (Nanoscope Analysis) to process the AFM results,
the height of the micro-nanoisland can be measured to be
about 620 nm. Owing to such a height difference between micro-
nanoisland and glass substrate, our prepared micro-nanopatterns
were visible. The distribution and shape of micro-nanoislands
can be easily seen using the bright field of ordinary microscope,
as shown in Fig. 3(b), which provides great convenience for
observation and data statistics of subsequent cell experiments.

3.2 The selectively adhesive property of the RGD micro-
nanopatterns

To verify that the selectively adhesive RGD micro-nanopatterns
constrained the cells within individual microislands on the
nonfouling PEG-monolayer-coated substrate, hMSCs were
seeded on the micro-nanopatterned surfaces for 24 h; the results
are shown in Fig. 5. These fluorescence images demonstrated
the excellent localization of cells inside the micro-nanoislands.
The dipline in Fig. 5 indicates the boundary of the dip-coated
region containing nanopatterns, proving successful fabrication
of micro-nanopatterns for selective cell adhesion on the
nonfouling background. With the excellent selectively adhesive
property of our micro-nanopatterned surfaces, cells rarely passed
across the dipline, and primarily occupied the modified region.
In addition, to confirm the long-term resistance of the
non-fouling background to cell adhesion, hMSCs were seeded
on nanopatterned surfaces with a PEG-coated background for
7 days (Fig. S2 in the ESM). Typical fluorescence images of the
counterstained cells on various micro-nanopatterns are shown
in Fig. S3 in the ESM. The hMSCs adhered only inside the
micro-nanodomain with approximately round shape, wherein
the circular micro-nanoislands have diameters of 40 and 80
pm and RGD nanospacings of 30 and 126 nm. We can see
distinct adherent difference between microisland diameters
and nanospacings, and the details are shown in the ESM. It is
obvious that cells adhered better and more on micro-nanoislands
with a large diameter and small nanospacing. However, it is
not easy to expect the relationship between micro-nanoisland
size and RGD nanospacing around the critical adhesion areas.
It is worthy of noting that an excessive amount of the RGD
reagent was casted onto the gold nanodot arrayed surfaces and
thus one gold nanodot could link to one or a few RGD ligands.

F-actins + Nuclei Bright field

Dipline

l

Figure 5 Cell localization on microislands with RGD nanoarrays under
a PEG background. The left image illustrates the dipline and nanoarrayed
micro-nanopattern regions. Those on the right are fluorescence images
showing that hMSCs adhered near the dipline, and the dashed circles
represent the contour of the microislands with a diameter of 60 um. The
dipline indicates the boundary of the dip-coated region, and the optical
micrographs with cells illustrated well the successful fabrication of micro-
nanopatterns for cell studies. F-actins were stained in red fluorescence
using phalloidin and cell nuclei were stained in blue using DAPI.
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Nevertheless, the first RGD-integrin bioconjugate would sterically
hinder the binding of the remaining RGD ligands to its
receptor, if the sizes of the gold nanodots are less than 10 nm,
the size of an integrin. So, the nanospacing of the initial gold
nanoarray on the substrate can well determine that of the
eventual integrin nanoarray in the cell membrane.

3.3 Spreading and suspending areas of hMSC cells
on an unpatterned free surface

To roughly estimate the adhesion extents of hMSCs on patterned
surfaces, we measured the area of free spreading cells on an
unpatterned surface (Asgpred) and suspended cells (Asuspend)
using the software Image-]. The statistical result was Aspread =
1492 + 62 um*. The Asuspend Was analyzed according to bright-
field images with clear morphology boundary, and had a value
of 223 + 8 um?* At least 100 spreading cells and suspended
cells were randomly selected to determine the average area for
each sample.

3.4 Experimental method to determine the critical
adhesion area of cells on micropatterns and micro-
nanopatterns

Figure 6(a) first demonstrates single cells followed by multiple
cells adhering on both gold-sprayed micropatterned (upper
panel) and 67 nm nanospaced micro-nanopatterned (lower
panel) surfaces, where the dashed circles indicate the contours
of the underlying RGD-grafted microislands and micro-
nanoislands. With the enlargement of the microislands, cells
exhibited a transition from non-adhesion to adhesion, and
the transition values differed between the micropatterns and

1627

micro-nanopatterns. It implies the existence of a “critical
adhesion area” on adhesive microislands of varied sizes and
its dependence on RGD nanospacing.

A micro/nanoisland with either one cell or multiple cells
is regarded as “occupied” The occupation fraction fy.o (the
subscript N indicates cell number) is defined as the percentage
of occupied islands among all statistical microisland units.
Figure 6(b) demonstrates the determination of the characteristic
areas such as A* (the critical area from nonadhesion to
survival) and Ac; (the critical area from single cell adhesion to
multi-cell adhesion). More data are shown in Figs. S4-S6 in
the ESM.

When a microisland was sufficiently small, the probability
of cells to adhere on the nanoarrayed microisland was almost
zero. As the adhesive area increased, fv-o gradually increased
from zero to unity, which demonstrated a transition from “non-
adhesive” to “adhesive” nanoarrayed microisland, or implied a
switch from eventual cell “apoptosis” to “survival” (Fig. S5 in the
ESM). The cross point of two tangential lines was employed to
determine the critical point. In this way, we obtained the
critical area from apoptosis to survival A*, similar to the
determination of critical micelle concentration (CMC) from
the optical density (OD) versus amphiphile concentration in
studies of the micellization transition of amphiphiles in a
selective solvent [73, 74]. Similarly, we defined a microisland
with at least two cells as “multioccupied” The fraction of multi-
occupation fy-1 denotes the percentage of multi-occupied
islands, and the curve of fy.1 versus adhesive area also exhibited a
similar transition resembling CMC.

To verify the possible influence of the critical adhesion
areas by adjusting the cell seeding density, we seeded hMSCs
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Figure 6 Ciritical adhesion areas of cells obtained by observation of cell numbers on microislands with increased sizes. (a) The relationship between cell
numbers and the sizes of microislands together with nanospacings of micro-nanoislands. Fluorescence micrographs of hMSCs adhering on gold-sprayed
microislands grafted with RGD ligands (upper panel) and on micro-nanopatterns with RGD ligands grafted on hexagonally arranged arrays of gold
nanodots that were 67 nm nanospaced (lower panel). The F-actins were stained in red, and the nuclei were stained in blue. The number of nuclei indicates
that of adherent cells on each micro/micro-nanoisland within the contour marked by the dashed circles. (b) The experimental approach to determine
critical adhesion areas of cells on micro-nanopatterns with increasing microisland sizes. Left: fraction of cellular occupation per microisland (fxs0) on mere
micropatterns (gray circles) and on 67 nm nanospaced micro-nanopatterns (orange triangles). Right: fraction of occupation of multiple cells per
microisland (fv-1) on micropatterns and on 67 nm nanospaced micro-nanopatterns. The critical areas A* and Ac; are from the crosspoints between the

corresponding two marked asymptote lines of fv-o and fxs1, respectively.
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onto RGD-grafted nanoarrayed microislands at three densities.

The results in Fig. S6 in the ESM indicated that A* did not
significantly change with cell seeding density.

We found that A* and Ac; varied from micropattern to
micro-nanopatterns, and increased with RGD nanospacing.
According to Fig. 7, the results of the 3 groups with nanospacings
smaller than 70 nm, which is a crucial nanospacing value for
cell adhesion as studied previously [40, 41], exhibited good
linear relationship.

It is not hard to understand that the micropatterned surface
cannot be simply considered as of zero RGD nanospacing or
in a general sense the effective nanospacing for cell adhesion
on an unpatterned surface even with densely grafted RGD
ligands is not necessarily zero. However, researchers have neither
predicted such an effective RGD nanospacing previously nor
suggested a feasible experimental method. With our unique
micro-nanopatterning technique, we can control cell localization
and spreading in a fine manner and further calculate the
corresponding areas, which implied a mathematical trend. In
order to calculate the effective nanospacing, we made fitting of

T

T T T T
0 20 40 60 80 100 120 140

Nanospacing (nm)
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the data for A* and Ac: with respect to nanospacings < 70 nm
in Fig. 7. The intersection of the two lines corresponds to the
minimal effective nanospacing, wherein A* corresponds to
19.14 nm (Fig. 7(a)) and Ac; corresponds to 19.12 nm (Fig. 7(b)).

3.5 The relationship between adherent cell area and
nanospacing together with micro-nanoisland size

Typical fluorescence images of single hMSCs on micro-
nanopatterns with different nanospacings of nanoarrayed
microislands are shown in Fig. 8(a). The hMSCs on micro-
nanopatterns with nanospacing smaller than 70 nm adhered
well inside the microislands. When the nanospacing of micro-
nanopatterns exceeds 70 nm, cells did not cover the entire
microisland.

Then, we analyzed over 90 cells from three samples for each
group of micro-nanoislands and nanospacings, and only single
cells inside an individual micro-nanodomain were selected as
statistical targets. The left in Fig. 8(b) is a three-dimensional
(3D) image showing average single cell area as functions of
microisland size and RGD nanospacing. Then, the data were
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Figure 7 Dependence of the critical adhesion area on RGD nanospacing on a series of micro-nanopatterns and the asymptotic analysis of the effective
RGD nanospacing on a free surface without patterns. A* (a) and A (b) increased with RGD nanospacing. The partial linear fitting curves for nanospacing < 70 nm
of A* and A were used to deduce the effective RGD nanospacing of an unpatterned surface with densely grafted RGD ligands, resulting in A* ~ 19.14 nm

and Az ~ 19.12 nm.
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Figure 8 (a) Typical fluorescence micrographs of single hMSCs on micro-nanopatterns with the indicated different RGD nanospacings. Herein, 60
um-diameter microislands were used as demonstration. The adherent cells were stained to show F-actins in red, vinculin in green, and nuclei in blue. (b)
Spreading areas of single cells on micro-nanopatterns. Left: 3D image showing average single cell area as functions of microisland size and nanospacing.
Middle: average single cell area as a function of microisland size normalized to the 60 pm-diameter group, p = 3 x 107°, n = 15. Right: average single cell
area as a function of nanospacing normalized to the 67 nm nanospacing group, p = 1 x 1077, n = 18. The global test among all of the groups was analyzed

from ANOVA.
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grouped by the diameter of microislands and normalized to
the 60 pm-diameter group, as shown in the middle of Fig. 8(b).
Regardless of the nanospacing, the average single cell area
showed an overall increasing trend with the micro-nanoisland
diameter.

The right in Fig. 8(b) is grouped by nanospacing and
normalized to the 67 nm nanospacing group. Regardless of the
micro-nanoisland size, the average single cell area showed an
overall declining trend with the increase of the nanospacing,
and this trend became much apparent when nanospacings
were over 70 nm. The p values from global tests among all of the
groups analyzed from one-way ANOVA are listed in Tables S2
and S3 in the ESM.

According to the above experimental results on micro-
nanopatterns, we confirmed that with the increase of microisland
areas, the cells would have more space to spread. Meanwhile,
the spread of cells was also limited by the nanospacing,
where the spread of cells was still insufficient with the large
nanospacing over 70 nm.

3.6 The density of adherent cells as functions of RGD
nanospacing and microisland size

Besides average area of single cells, the resultant density of the
adherent cells (cell number per 1,000 pum?) is also a crucial
parameter to characterize the extent of cell adhesion on a
substrate. We summarized the detailed data about adhesive cell
density versus microisland size and nanospacing in Fig. S7(a)
in the ESM. Then, the data were grouped by the diameter of
microisland and normalized to the 60 pm-diameter group,
shown in the left of Fig. S7(b) in the ESM. Regardless of the
nanospacing, with the micro-nanoisland diameter increasing,
the adhesive cell density exhibited a tendency of increase. The
right of Fig. S7(b) in the ESM shows the data grouped by
nanospacing and normalized to the 67 nm nanospacing group.
Regardless of the micro-nanoisland size, the cell density exhibited
a trend of decrease with the increase of RGD nanospacing.
The p-values obtained from one-way ANOVA listed in Tables S4
and S5 in the ESM. The detailed comparison of cell areas
and cell numbers on 40 um-diameter and 80 pm-diameter
micro-nanoislands (Fig. S8 in the ESM) further strengthens
the above trends of cell parameters with RGD nanospacing on
the substrate.

3.7 Calculation of critical number of integrin-ligand
binding (N*)

Then we tried to figure out a unified interpretation of the
nanospacing-dependent critical adhesion areas of individual

s
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|
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i
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cells on micro-nanopatterns. As is known, cell adhesion to ECM
is primarily mediated by the integrin family of heterodimeric
receptors [21, 63, 64]. The integrin-mediated focal adhesion is
also the site at which contractile forces produced inside the
cell are exerted onto the substratum, and consequently their
distribution indicates the size and shape of the cell. With the
help of our micro-nanopatterning technique and the controlled
small size of Au nanodots, we can achieve a one-to-one
binding between an integrin and an RGD-grafted Au nanodot.
Considering the importance of integrin binding [75-77], we
define the number of binding between integrins and ligands as
N, and thus the critical number of integrin-ligand binding as
N*. We calculated the total number of nanodots N (Fig. S9
in the ESM) using the equations derived in Fig. 9(a) and in the
ESM, which is related to nanospacing and A*. The resultant
N* as a function of nanospacing is shown in the Fig. 9(b). It can
be seen that N* decreased with the increase of nanospacing
rather than keeping as a constant, which was, to be honest, not
quite as initially expected. Therefore, we carried out further
analysis.

3.8 Calculation of reduced adhesion force of single
cells on micro-nanopatterns

We eventually found a unified interpretation after addition of
a parameter related to non-specific cell adhesion besides the
integrin-mediated specific adhesion. When we looked into the
relationship between critical adhesion area and the inverse of
nanospacing, we realized that the intercept of the linear fitting
of the 3 groups over 70 nm revealed the area of background
adhesion of cells, which was about 1,270 um?(Fig. 10(a)). This
reciprocal method was employed from the data treatment of
molecular simulations to examine the finite size effect with a
given simulated box size and calculate the theoretical value
under an infinite system with 1/(box size) > 0 [78]. In our
opinion, this area has a physical meaning of the theoretical
adhesion area of a free cell on a non-fouling background,
where nanospacing is infinite because of no ligand binding
between the cell and ECM at this point. The theoretical free
adhesion area was smaller than the unrestricted spreading
area (Aspread) of 1,492 pm’, and reasonably larger than the
projected area of a suspending cell of an hMSC (Asuspend) 0f 223 pm?.
Unlike specific adhesion binding to receptors on the membrane,
non-specific background adhesion always exists and might
be correlated with the adhesion area. Thus, this kind of non-
specific background adhesion is defined as “background
adhesion” in this article.

We reasonably inferred that cell adhesion force was provided
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Figure 9 (a) Schematic illustration to demonstrate the deduction process of the possible critical number of integrin-ligand binding (N*). (b) The curve

of N* versus nanospacing based on experimental results.
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Figure 10 (a) Relationship between critical adhesion area and the inverse of RGD nanospacing, where the intercept of the linear fitting curve revealed a
characteristic area related to background adhesion of cells that was about 1,270 pm?. (b) Definition and schematic illustration of f* which indicates the
adhesion force of cells. (c) Schematic of adhesion force f on microislands with nanoarrays of small and large nanospacings. Herein, « and /3 denote the
coefficients about specific cell adhesion triggered by affective RGD-integrin bioconjugates and nonspecific cell adhesion contributed by background
adhesion, respectively. (d) The calculated f* as a function of RGD nanospacing normalized to f* at 67 nm nanospacing.

by two parts: One was through the integrin-ligand binding,
and the other was through the background adhesion, wherein
the role of background adhesion might be proportional to the
adhesion area, as shown in Fig. 10(b). Based on the concept of
background adhesion, the phenomenological adhesion forces
(f*) with small and large nanospacings are shown in Fig. 10(c)
in a comparative way, where we suggest that the f* of the same
cell type with different nanospacings be roughly the same. Cells
in the case of small RGD nanospacing had a small critical
adhesion area (A*) which can offer relatively weak background
adhesion; meanwhile, the nanodot density was high, which
could lead to more integrin-ligand bindings.

Therefore, we put forward a formula to illustrate the relationship
between adhesion force, integrin-ligand binding and
background adhesion as f* = aN* + A%, or N* = f*/a — J/laA*.
The fitting between N* and A* is demonstrated in Fig. S10(a)
in the ESM. The source of the coefficient of the calculation
formula related to background adhesion, which is as a function
of critical adhesion area. The forces normalized to the 67 nm
nanospacing group are presented in Fig. 10(d). The corresponding
Sf*If*emm values of the 5 different nanospacings are substantially
consistent with each other. More analysis is shown in Fig. S10(b)
in the ESM.

3.9 Single cells on micro-nanoislands and microislands

To help better understand the adhesion-related concept, we
comparatively observed single cells on micro-nanoislands
and microislands. According to the critical adhesion area of
micro-nanopatterns with nanospacings of 30, 67, and 126 nm,
we calculated the corresponding theoretical cell diameters as
22, 31, and 36 pm, respectively, and the closest diameters of the
nanoarrayed microislands larger than the theoretical values
among prepared micro-nanopatterns are 25, 30, and 40 pm,
respectively. Some typical cell morphology on these nanoarrayed
microislands is demonstrated in Fig. S11 in the ESM, where

hMSC:s were stained to show F-actin in red, vinculin in green, and
nucleus in blue. Most of single cells on a 30 nm nanospaced
micro-nanoisland with 25 pm-diameter protruded out of the
microisland range, and the microisland of 25 pm was not
much larger than the suspension area of an hMSC with Asuspend
about 223 um® In contrast, cells on a 67 nm nanospaced
micro-nanoisland with 30 um-diameter substantially covered
the whole microisland, and cells on a 126 nm nanospaced
micro-nanoisland with 40 pm-diameter usually cannot occupy
the whole microisland.

We further looked into this concept in three dimensions.
Two typical 3D reconstruction images of single cells on small
(upper panel) and large (lower panel) microislands are shown
in Fig. S12 in the ESM. The top view illustrates that the single
cell on the small microisland protruded out of the microisland
range, while the single cell on the large microisland cannot cover
the whole microisland. The side view and 3D reconstruction
showed the Z-dimension and indicated that the cell on the
large microisland spread better with flat morphology while the
cell on the small microisland had an upright appearance.

We turned to examine single hMSC cells on micro-
nanoislands of varied nanospacings and varied microisland
diameters. Very few cells could adhere on 30 nm nanospaced
micro-nanoisland with 10 um-diameter and these few cells
exhibited a projected area significantly larger than the area of
the microisland (Fig. S13(a) in the ESM). This is reasonable,
because the area of a micro-nanoisland with 10 pm-diameter
was even far smaller than the suspension area of hMSCs
(Asuspena of 223 um?). Figure S13(b) in the ESM shows cells
on 126 nm nanospaced micro-nanoisland with diameters of
45, 65, and 80 pm; the cells generally did not cover the entire
micro-nanoislands and were rarely round-shaped. The above
observations illustrated different 3D behaviors of cells on
adhesive nanoarrayed microislands of varied RGD nanospacings
and microisland sizes. The different 3D shapes of cells were
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reported by Guo et al. when they examined cell volumes on
relatively stiff and soft matrix without surface patterning [79];
they indicated that less spread rose to larger heights and even
the cell volume and stiffness could be changed.

4 Discussion

41 Relationship between cell-ECM contact area and
projected cell area on micropatterns in the literature &
RGD nanospacing dependent critical adhesion areas
of cells on micro-nanopatterns in the present study

The pioneering work to design patterned surfaces to control
cell adhesion was reported in the journal Science by Chen et al. in
1997 [55]. Their micropatterns were prepared with microcontact
printing of a hydrophobic chemical with a thiol end group
on a gold surface, followed by formation of a self-assembled
monolayer of a nonfouling chemical. The ECM protein
fibronectin (FN) with amphiphilicity was then adsorbed onto
the hydrophobic microislands, and a flat micropattern with
cell-adhesion contrast between FN microislands and nonfouling
background was eventually established. For those microarrays
of altered nonfouling distances between the nearest neighbor
adhesive microislands of subcellular sizes, they defined the
summation of the areas of the microislands under a cell as
“cell-ECM contact area,” which could be smaller than projected
cell area. It is interesting that “DNA synthesis scaled directly with
projected cell area and not with cell-ECM contact area” [55].
Such a view point that the project area is, to a certain extent,
more important that the ECM contact area, was strengthened
by their paper in 2003 [80].

Based on microislands with cell sizes, the paper published in
Science in 1997 also indicates “capillary endothelial cells were
switched from growth to apoptosis by using micropatterned
substrates that contained extracellular matrix-coated adhesive
islands of decreasing size to progressively restrict cell extension”
[55]. The term of critical cell adhesion area was suggested by
Ding’s group in 2011 [56]. Besides the critical adhesion area
from apoptosis to survival denoted as A* or Aa, our group
also defined the critical area from adhesion of a single cell to
adhesion of multiple cells (A.), and established the way to
determine them experimentally. In the present study, we justify
the concept of critical cell adhesion area on micro-nanopatterns
for the first time.

Since the projected area of a cell plays more important role
in cell adhesion as revealed by Chen et al. using microarrays
of subcellular microislands [55, 80], it seems possible that
the critical adhesion area might be independent upon RGD
nanospacing. However, our series of experiments on micro-
nanopatterns in the present study definitely indicate the

dependence of critical adhesion area of cells on RGD nanospacing.

It has been known from the studies of nanopatterns [30, 35, 40,
41, 43, 44] and also confirmed in our micro-nanopatterns (Fig. 8)
that a cell on a microregion without significant constraint always
spreads less on RGD nanoarrays with large nanospacings, in
particular, > 70 nm. However, the critical adhesion areas of
cells on micro-nanopatterns with given RGD nanospacings
exhibited a significant increase with the nanospacing (Fig. 6).
This is not unreasonable because a large RGD nanospacing
has less adhesion capacity and thus a larger cell spreading area
is required to achieve a critical cell adhesion. These results
also illustrate that the relationship of cell-ECM contact area and
projected cell area on micropatterns of subcellular resolution
cannot be simply extended to those on micro-nanopatterns
with very small nanodots reflecting the molecular level.
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It is interesting that the total number of gold nanodots is not
a constant among the nanoarrayed microislands with respect
to critical cell adhesion under different RGD nanospacings, as
seen in Fig. 9(b). We further combine the specific adhesion
triggered via RGD-integrin bioconjugation and the nonspecific
background to unify the total adhesion extent in the cases of
critical cell adhesion on different series of micro-nanopatterns
with varied nanospacings, as seen in Fig. 10.

4.2 The deduction of the minimal effective nanospacing

It is amazing that our series of critical adhesion areas of
mammal cells on micro-nanopatterns can reveal the minimal
effective nanospacing on microislands or unpatterned free
surface with extremely dense RGD grafting, which is otherwise
very hard to be investigated and so far, has never been pointed
out. From our experimental results, we found that both A*
and Ac: varied from micropattern to micro-nanopatterns, and
increased with RGD nanospacing. Assistant by the micro-
nanopatterning techniques and our analysis based on the
critical cell adhesion areas under given RGD nanospacings, we
deduced that the working nanospacing on micropatterns or
free surfaces with extremely dense RGD grafting might be
about 19 nm, as shown in Fig. 7. The results of the effective
nanospacings from the two series in Fig. 7 are consistent with
each other very well.

Lehnert et al. once reported that a good cell spreading extent
reached only at a surface coating above 15% by using regular
micropatterns of ECM protein dots of defined sizes separated
by nonadhesive regions [75]. Inspired by their work, we also
calculated the coverage of gold nanodots on the nanopatterns.
For the group of smallest nanospacing (in the 30 nm
nanospacing group) with best cell adhesion in our study, the
calculated gold coverage was 6.4% upon assumption of a
hexagonal arrangement of 8 nm nanodots. Even this maximum
ECM coverage in our studies based on nanopatterns is
significantly less than the transition value of 15% based on
their micropatterns, which implies that all of ligand sites on
micropatterns are not effective to cell adhesion or most of
ligand sites are not eventually involved in an effective cell
adhesion. It is interesting that the effective nanospacing (19 nm)
revealed in our studies corresponds to a nanodot coverage
of 16.1%, close to their ECM coverage of 15% on arrays of
microislands with subcellular sizes.

4.3 The underlying RGD nanospacings to regulate
cell adhesion

Now, we summarize the underlying effective RGD nanospacing
of cell adhesion in Fig. 11. The size of RGD is regarded as 1-2 nm
[81], assuming that the RGD reagent can be tightly packed
and grafted onto a gold surface. Since an integrin is a protein
molecule much larger than the RGD ligand [82, 83], after
one-to-one bioconjugating between an integrin and the ligand(s)
at one small nanodot, some RGDs grafted on gold nanodots
might be redundant for a static adhesion. So, at this time,
the minimal effective nanospacing follows the integrin size
of 8-12 nm.

Integrins connect FA complex inside the membrane and
interact with cytoskeletal components to trigger focal adhesion
that involves structural proteins such as vinculin, talin and
a-actinin, and signaling molecules including FAK and paxillin.
Combination of the dimension of a FA complex and the
projected size of a pair of a-actinin within the cell as shown in
the upper right of Fig. 11, the feature size along the material
surface might be about 15 to 30 nm, which primarily interprets
the minimal effective RGD nanospacing for an unpatterned
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Figure 11  Schematic illustration showing the underlying RGD nanospacings
to regulate cell adhesion.

gold surface with densely grafted RGDs, namely about 19 nm as
shown in Fig. 7. Here, we would like to mention an elegant work
from Choi and Bian groups to prepare gold nanorods and link to
RGD peptides for cell studies [84]. The result of their research
shows that the aspect ratios of gold nanorods could significant
influence cell spreading, alignment of the basal cytoskeletal
structure, and nanopodia attachment, indicating that anisotropic
presentations of ligands by gold nanodots with various aspect
ratios affect the activations of mechanotransduction signaling
molecules. These findings demonstrate the potential to unravel
the fundamental mechanisms of cell adhesion and associated
signaling at the molecular level. We would like to notice that the
relatively long dimensions of their nanorods and nanospheres
lied between 36.5-98.2 nm, all larger than the effective RGD
nanospacing of 19 nm revealed in our work. So, their hidden
RGD nanospacings in nanorods must be effective along the long
axes. The investigations of our nanodots and their nanorods
are consistent with each other as the RGD nanospacing effect
is concerned.

Figure 11 also summarizes the cellular responses of nanoarrays
with RGD nanospacings larger than the “effective nanospacing,”
in particular, the interpretation of the “critical nanospacing”
for specific cell adhesion on nanopatterns. Since the pair of
o-actinin is close to 70 nm [30, 41, 85, 86], we suggest such a
pair as a “nanoruler;” which primarily explains the dependence of
cell adhesion on RGD nanospacing, as seen in the lower row
of Fig. 11.

It is worthy of indicating that Spatz group has determined
that only 6 integrins with lateral spacings less than 70 nm
could be sufficient to trigger an FA plaque [58]. They draw
this conclusion using combination of block copolymer micelle
nanolithography and e-beam lithography to fabricate a series
of micro-nanopatterns. Besides the different preparation
approach of their micro-nanopattern, their adjusted microislands
are much smaller than the spreading area of a single cell, and
called adhesive patches by them. Eventually, the Spatz group
obtained a series of micro-nanopatterns of RGD peptides on
nanoarrays with a lateral spacing of 58 nm and a number of
gold nanoparticles of 6 nm size, ranging from 6 to 3,000 per
adhesive patch. While this elegant work has determined
how many integrins are involved in a single FA plaque, their
publication has not concerned the critical adhesion area of
cells on either micropatterns or micro-nanopatterns, possibly
because the micropattern preparation using e-beam lithography
is much less efficient that photolithography plus HF etching
as introduced by us in combination with the block copolymer
micelle lithography. What is more, the critical adhesion areas
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of cells on micro-nanopatterns were found to depend upon
RGD nanospacing by us, and our further derivation revealed
the “effective RGD nanospacing” (19 nm for the examined cell
type) on micropatterns and unpatterned free surfaces with
dense RGD grafting, which is not available to be investigated
without the assistance of the micro-nanopatterning technique
and the analysis of the critical adhesion areas. Such an
effective RGD nanospacing is, to the best of our knowledge,
revealed by us for the first time. Hence, an almost full
hierarchal physical picture of the effects of RGD nanospacings
on cell adhesion has so far been established based on the
present work and also the previous efforts from Spatz’s, ours
and others’ groups.

4.4 Background adhesion of cells on a biomaterial

In the end, we would like to emphasize that a concept of
“background adhesion” is also defined in this study. It is
expected to be a universal concept, which stands even in
the absence of ligand-receptor binding. The mechanism of
background adhesion is not clear at the moment, but it must
be related to nonspecific adsorption of any mass in the cell
culture media or body fluids onto material substrates and the
further nonspecific cell adhesion on biomaterials, which cannot
be absolutely nonfouling. The examination of its versatility
and the elucidation of the underlying mechanism are strongly
called for.

5 Conclusions

In the present study, we prepared a series of micro-nanopatterns
with different nanospacings by combining block copolymer
micelle nanolithography, photolithography, HF etching, and
self-assembly monolayer. The delicate micro-nanopattern is
very helpful for revealing cell-material interactions on both
cellular level (microscale) and molecular level (nanoscale). We
designed a series of micro-nanopatterns with varied spacings
of nanodots and diameters of microislands to decouple the
effects of RGD nanospacing and cell spreading size. The
experimental results of hMSCs on the micro-nanopatterns
confirmed a critical role of the nanoscale distribution of
extracellular RGD ligands on cell adhesion. Based on series
of micro-nanopatterns, we obtained critical cell adhesion
areas on micro-nanopatterns for the first time and found its
significant dependence upon RGD nanospacing. We deduced
that the minimal effective nanospacing for cell adhesion was
about 19 nm, which refers to the working RGD nanospacing
on a free surface without any nanopattern yet densely grafted
with RGD ligands. According to the diverse cell morphologies on
micro-nanopatterns of various nanospacings and microisland
sizes, we put forward the significant role of “background
adhesion” for the whole cell adhesion. Eventually by combining
the number of effective RGD-integrin bioconjugates and the
background adhesion, we unified an almost constant adhesion
content with respect to different critical adhesion areas on
varied micro-nanopatterns. These fundamental investigations
bring an extensive perspective of cell-material interactions on
both microscale and nanoscale.
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