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We fabricated vertically aligned polyaniline (PANI) nanowire arrays on flat-end AFM tips via template-
free methods. 4-Aminothiophenol was used for tailoring the nucleation size, chain propagation and ori-
entation of the PANI nanowires. The microscopy characterization indicated that diameter was centered at
a mean of 33.7 nm with a standard deviation of 6.5 nm, and length was centered at a mean of 50.3 nm

with a standard deviation of 7.6 nm. PANI nanowire arrays are non-toxic, low-cost, and tunable, and thus
PANI nanowire-grown tips could perfectly simulate different nanosurfaces. Via the force spectroscopy,
we demonstrate the feasibility in real-time quantifying the nanostructure-cell interactions at the single
cell level with high reliability and accuracy. This work will enable a new tool in precisely quantifying the
interactions of single living cells and nanosurface, and thus opens a new door to understand how single
living cells sense and respond to the specific nanostructures.

© 2018 Society of Manufacturing Engineers (SME). Published by Elsevier Ltd. All rights reserved.

1. Introduction

Cell adhesion is a fundamental and critical issue for versatile
biological processes, such as cell separation, production or migra-
tion [1]. Cell adhesion could help cells to identify numerous extra-
cellular signals regarding the chemistry, geometry and physical
characteristics of the matrix [2,3]. Nanostructured surfaces have
been extensively used in tissue engineering and regenerative med-
icine [4], and also emerged as a promising biosensing platform to
promote the cellular interactions with internal and external medi-
ums [5]. Recent studies have shown that nanostructured surfaces
greatly improved cell adhesion. Variable nanostructures have been
synthesized and their interaction with cells was examined to dis-
close the nanostructure effect on the adhesion [6,7]. However,
those results are based on the population adhesions, where
numours cells are incubated on the nanostructured substrate and
then the cell adhesion is quantified by counting the cell numbers
(or expansion of cell spreading areas) on the substrate based on
the shearing-flow fluid [8].
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Precise measurement of single-cell adhesion is critical to under-
stand how cells sense and respond to the nanostructure [9]. AFM is
one of the simplest techniques for characterization and manipula-
tion of living cells in a physiology medium with a nanoscale reso-
lution. No special treatments are needed for preparing the AFM
samples. Few bottom-up nanotechniques have been attempted to
fabricate nanostructures on AFM tips. Mino et al. evaporated Ag
on the silicon cantilever and produced random Ag nanostructures
around the tip apex, where tip end size is <50 nm [10]. Sanders
et al. also deposited random gold nanoparticles on the AFM tip
via electrochemical deposition [11,12]. Kharintsev et al. used
electrochemical-etching method to produce random nanostruc-
tures on the AFM tip surfaces [13]. Leiterer et al. randomly
attached silver nanoparticles on AFM tips by dielectrophoresis
[14]. Uebel et al. used a wet-chemical etching and mechanical
cleaving technique to fabricate gold nanotips [15]. Weber-
Bargioni et al. and some another groups employed focused-ion-
beam machining to fabricate high-aspect ratio AFM tips [16-20],
Denisyuk et al. reported the nanoparticle pickup method under
electron beam to make the spherical metallic nanoshell and a small
metallic nanoparticle (“nanoknob”) situated on tip’s surface [21].
However, those nanostructures fabricated on the AFM tips are ran-
dom and lack a long-range order for well-controlled morphology,
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and thus are not suitable for measurement of the single tumor cell
adhesion due to the lack of scientific rigor and reproducibility.
Recently, Pyrgiotakis et al. attached various types of oxide
nanoparticles on the sharp tips to quantify the real time nanopar-
ticle-cell interactions in physiological media [22], but the nanopar-
ticles on the sharp tips are still random. Acerbi et al fabricated the
cylindrical flat end-AFM tips with ~1 um? cross-section area by FIB
[23], and the flat end surface would be a good option to transform
to one dimensional nanostructured surface. Unfortunately, it’s still
too small to globally quantify the cell adhesion in comparison to
the size of the cells (~100 um).

To actively investigate the behavior of cell on the nanostruc-
tured surface, for the first time we create an ordered polyaniline
(PANI) nanowire arrays on flat-end AFM tips, and systematically
quantify the nanostructure-cell interactions at the single cell level
in real time with high reliability and accuracy. Vertically aligned
PANI nanowire arrays have been reported with different diameters
and length on kinds of substrates [24]|. They are non-toxic,

low-cost, and highly stable, and thus are very promising for study-
ing single cell adhesion on the nanostructures.

2. Experimental

Aniline (ANI, >99.5%), 4-Aminothiophenol (4-ATP, 97%) and
perchloric acid (HCIO4, 60%) were purchased from Sigma Aldrich
and used as received without further purification. Flat-end AFM
tips (plateau diameter: 8-12 pm, plateau height: 15 pm, the length
of cantilever: 450 um, the width of cantilever: 50 pm) were pur-
chased from NanoAndMore.

Polyaniline (PANI) nanowire arrays were prepared on AFM tips
by the electrochemical polymerization method. Briefly, AFM tip
was coated by 10 nm thick Au layer by thermal evaporation and
then immersed into 1 mM 4-ATP/ethanol solution for 5 min. This
modified AFM was used as a positive electrode during the electro-
chemical polymerization reaction, while a Pt wire was used as a
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Fig. 1. Manufacturing nanostructured flat-end AFM tip. (A): Schematic representation of creation process (a: Deposition of the 10 nm gold coating by thermal evaporation, b:
4-ATP nucleation, c: Polyaniline (PANI) nanowire growth). (B-D): SEM images of the flat-end AFM tips and as-created nanostructure. The diameter of the flat end surface is
around 10 pm, scale bars are 30 um (B), 5 um (C), and 100 nm (D), respectively. (E): AFM image of the vertical-aligned nanowire array on the flat-end tip, (F and G):

Distribution of diameter and height of nanowires.
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negative electrode. Then a certain volume of mixed solution con-
taining 0.1 M ANI and 1 M HCIO4 was injected into the container.
A Keithley 2400 was used to supply constant current (0.2 pA).
The polymerization reaction was conducted under a current den-
sity of 10 pA/cm2 at room temperature for 1 h. After the reaction,
AFM tips were rinsed with ethanol for several times to remove any
residuals. Finally, the washed AFM tips were dried in air for further
use. The as-prepared AFM tip with PANI nanowire arrays was char-
acterized by Raman spectrometer (Jobin-Yvon HORIBA LabRAM
HR800 instrument coupled to an Olympus BX41 microscopy, Aexc.
=514.5nm), SEM (JEOL JSM-7500F) and AFM (Bruker, contact
mode).

AFM adhesion experiments were performed on a BioScope II
scanner (Bruker Inc.) integrated with a Nikon TE2000 inverted
optical microscope.

3. Results

The fabrication process is illustrated in Fig. 1A. 4-ATP assisted
template-free synthesis of PANI nanowire arrays was carried out
on the flat-end surface of the AFM probe. The morphology of as-
prepared AFM tip with PANI nanowire arrays was characterized
by SEM and AFM, respectively, as showed Fig. 1B-E. The length
and diameter distribution indicated that diameter was centered
at a mean of 33.7 nm with a standard deviation of 6.5 nm, and
length was centered at a mean of 50.3 nm with a standard devia-
tion of 7.6 nm, as shown in Fig. 1F and G. Raman characterization
was also carried out to confirm the successful fabrication of PANI
nanowire arrays on the tip. As shown in Fig. 2, several characteris-
tic peaks of PANI were observed including the C—H bending vibra-
tion of the quinoid/benzenoid rings at 1168 cm~!, C—N+ vibration
of delocalized polaronic structures at 1336 cm™!, C=N stretching of
the quinoid rings at 1510 cm~', C—C stretching of the benzenoid
rings at 1598 cm~!, and vibration of delocalized polarons at
1378 cm™! and 1636 cm™".

After successfully creating the nanostructured surface on the
flat-end tip, the single cell adhesion experiment using this tip
has been conducted. We tested two different type of human breast
cancer cells, MDA-MB-231 and SKBR3, and one normal human
breast epithelial cell, MCF-10A. To make every test under the same
condition, AFM has been set to apply a constant force to each cell.
As illustrated in Fig. 3A, the nanostructured surface tip placed on
top of the single cells, the cell adhesion can be quantified by the
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Fig. 2. Raman spectrum of as-prepared PANI nanowire arrays.

approach-retract of the AFM tip towards the cell in the vertical
direction, (the approach and retract curves are represented by blue
and red, respectively). Briefly, the tip applies a constant and default
force upon the cell surface that leads to the sample indentation and
cantilever deflection, once the tip meets its maximum indentation,
it withdraws from the cell surface. The adhesion force between the
sample and the AFM tip hampers tip retraction. Therefore, these
unbinding forces or the adhesion strength can be taken directly
from the retracting part of the force-distance curve, as indicated
in Fig. 3C.

The adhesion force of single cancer cells with the nanostruc-
tured surface was precisely measured. Firstly, on each cell surface,
we choose 4 test locations as indicated in Fig. 3B, and at each point,
5 measurements have been repeated. The result demonstrates that
the measurements are highly accurate, as shown in Fig. 3D, the
measurements implemented on the one MDA-MB-231 cell, and
each test point has a very small deviation (less than 10%). On the
other hand, there is a huge difference between those points, the
average of 4 test points are 9.2 nN, 6.4 nN, 9.1 nN, and 12.1 nN,
respectively. The variation is significant, the maximum adhesion
force is almost doubled compared to the minimum one (12.1 nN-
6.4 nN). It indicated that the cancer cell surface is extremely
heterogeneous.

It’s well known that many receptors on cell surfaces contribute
to the adhesion, such as integrins, cadherins, and other adhesion
molecules. The consensus is that integrins play a most important
role in the cell adhesion receptors, which demonstrate 24 different
o-B combinations. When cells start to adhere to a substrate, the
first step is to create a close contact between the plasma mem-
brane and the substrate. Once a mature adhesion has been estab-
lished, the integrin-based focal adhesions providing anchorage to
the substrate are strongly connected to the actin cytoskeleton,
the main basis of cell shape and structure. Focal adhesions anchor
cells to the substrate and can facilitate both mechanical and bio-
chemical interaction; therefore, they are the sites at which forces
are transmitted to the substrate.

To understand the mechanism of single cell and nanostructured
tip interactions, we also investigate the cell adhesion in the molec-
ular level. Firstly a regular AFM tip was functionalization by RGD as
previously described [25,26]. Briefly, The N-terminus of the RGD
peptide was grafted to a regular tip by covalent bonds, and the
grafted RGD enable the tip to sense biological characteristics. Via
this RGD coated tip, the RGD-recognized integrins can be visual-
ized on the cell surface, as shown in Fig. 3E and F. As a result, that
the spatial distribution of the RGD-recognized integrins was
mapped and indicated the diverse arrangements of unbinding
forces on the MDA-MB-231 cell. Even on the same type of cell sur-
face, the force map seems very different (adhesion force is propor-
tional to the brightness). The map of integrin on cell surface
provides an insight to understand the individual cell interactions
with the nanosurface.

The variation of those adhesions is up to 50%, but their average
adhesion of different cells (the same type) are rather close, as
shown in Fig. 4A. Four different MDA-MB-231 cells were randomly
selected and compared, and the averages of adhesion strength of
each cell are found to 11.1 nN, 9.6 nN, 10.5 nN, 9.1 nN, respectively,
indicating only 9% of variation. To further verify this method, we
tested another type of breast cancer cell SKBR3, and compare
two breast cancer cells to a normal breast cell, MCF-10A. The
results of adhesion between cells and regular flat-end tip or nanos-
tructured flat-end tip are shown in Fig. 4B. The results showed that
adhesion force is very low using a regular flat-end tip, either on
cancer cells or normal cell (red). As a result, such regular tip is
not able to distinguish the cancer cells and the normal health cells.
However, when nanostructured surface flat-end tip is used, signif-
icant adhesion differences were found between cancer cells and
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Fig. 3. Detection of adhesion force of single living cell by nanostructured flat-end AFM tip. (A) Illustration of measurement mechanism, (B) Illustration of measurement
location, 4 different test points on each cell have been taken, the locations were practically the same for each cell, (C) Unbinding force of 4 different test points on one cancer
cells using nanostructured flat-end AFM tip. (D) The adhesion strength of one cancer cell; 4 test points at the location as indicated in B, were analyzed and each point takes 5
measurements. (E and F) AFM force maps of RGD-integrin binding on one breast cancer cell; the maps were taken at the perinuclear (E) and peripheral regions (F).
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Fig. 4. Adhesion force of different cells, same type (A) and comparison of different breast cell types (B).
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normal cells, or between two cancer cells (blue). Furthermore,
compared to non-treated tip, the adhesion forces of cancel on
nanostructured surface tip are almost tripled, while no significant
change has been observed in normal cells. Therefore, it could be
possible to use novel nanostructured tip for isolation or detection
of cancer cells, only based on the quantification of adhesion force.
This method is label-free and universal, and could open a new door
for the adhesion study.

4. Conclusions

In summary, ordered nanostructures were fabricated on the
flat-end tip and its feasibility in single-cell adhesion study was
demonstrated. Such direct measurement of single cell adhesion
using novel nanostructure tips opens a new door to single cell
study, particularly, in understanding the heterogeneity of the can-
cer cells.
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