Research Article

APPL'ED&MATERIALS

INTERFACES

www.acsami.org

Large Scale Anomalous Patterns of Muscovite Mica Discovered by

Atomic Force Microscopy

Feng Zhang,* Ping Zhang, Jiahua Hou, Xiaoling Yun, Wanrong Li, Qigige Du, and Youjun Chen

School of Life Science, Inner Mongolia Agricultural University, 306 Zhaowuda Road, Hohhot 010018, China

ABSTRACT: Muscovite mica is a widely used substrate because of its
flatness. The large scale anomalous patterns of muscovite have been
discovered by atomic force microscopy (AFM). These patterns distribute
around the defects of the muscovite surface. By using different imaging
modes and analyzing functions of AFM, these extraordinary patterns are
thoroughly characterized, and it was revealed that some selected regularly
aligned patterns mimic 2-D orthorhombic crystal systems surrounding
the regular structure. However, such patterned nanostructures have no
effects on the template-assisted self-assembly (or epitaxial growth) of a

disease-related peptide GAV-9.
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B INTRODUCTION

Crystalline muscovite mica can be classified as one of the most
favorite substrate materials for studying biological speci-
mens," ™ epitaxial growth of metal nanostructures® ! and
template-assisted self-assembling of biomolecules.*>™'® Not
only can it be cleaved with great ease and down to thicknesses
of a few hundred angstroms to produce very large, atomically
flat, and chemically inert surfaces parallel to the [001] planes,
but it is also available in high-grade natural and synthetic forms
and shows reasonable thermal stability up to 700 °C."” More
recently, the high affinity of the muscovite mica surface toward
DNA, oligonucleotides, and lipids makes muscovite mica a
possible template in the hypothesis of a surface mediated origin
of life.'*"”

Muscovite mica belongs to the family of clay minerals and
the crystal structure of mica was first studied in 1927 with a
chemical formula of KAl (Si;Al)O,o(OH),*° The atomic
structure of bulk mica*" consists of sheets of negatively charged
octahedral aluminosilicate layers in which the negative charge
of the layers arises from a substitution of a quarter of the Si**
ions by AI’* ions. These layers are kept together by
electrostatically bound interlayer cations, namely potassium
ions (K"), compensating the charge. Due to weak ionic
bonding, mica is susceptible to cleavage along the [001] plane
located in the potassium layer; therefore, a cleaved mica surface
exhibits a hexagonal arrangement of Si (partly Al) and O atoms.
However, this surface can be expected to be partly covered by
potassium ions from the cationic layer.>* It has been claimed
that upon cleavage, the atomic structure of the aluminosilicate
layers is undisturbed while the potassium layer is disrupted.*®

To interpret and predict the adsorption and possible reaction
of different materials on the mica surface, it is of greatest
importance to understand the structure and morphology of
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cleaved mica surfaces down to the atomic scale. Normally, the
freshly cleaved muscovite mica can be atomically flat up to the
millimeter scale.?*** However, here we discovered the
extraordinary patterns on some special regions of the freshly
cleaved muscovite mica surface, which have been characterized
by using different imaging modes and analyzing functions of
atomic force microscopy (AFM). In principle, the synthetic
growth of crystals® can be guided by the molecular recognition
at interfaces with the microgatterned substrates which can be
obtained by soft lithography 728 and ion beam sputtering,*”*°
Nevertheless, such anomalous nanostructures show nothing
with the template-assisted self-assembly of a disease related
peptide GAV-9 on the muscovite surface.

B EXPERIMENTAL SECTION

Muscovite mica (KAL(Si;Al)O,o(OH),, Sichuan Meifeng Co., China)
was freshly cleaved by adhesive tape prior to each experiment. The
peptide GAV-9 (NH,-VGGAVVAGV-CONH,) was custom-synthe-
sized from China Peptides Co., Ltd. The sample had a purity of 98.3%,
which was verified by high performance liquid chromatography
(HPLC) and further characterized with mass spectrum. The
lyophilized powder was stored at —20 °C. Before used, the peptide
powder was dissolved in deionized water to a certain peptide
concentration. Then the solutions were centrifuged at 10000 rpm
for 10 min to get rid of any possible aggregates, and the supernatant
was immediately used or distributed in aliquots to different PE tubes
and kept in a freezer (=20 °C).

All AFM images were obtained with a commercial AFM instrument
(Nanoscope 111d, Bruker) equipped with a J-scanner (125 X 125 ym).
Both the contact mode and tapping mode in air were performed to
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Figure 1. Wrinkled regions of muscovite mica surface under optical microscopy (~200X magnification). The circles/rings in panel A are caused by
light diffraction but not the real patterns of mica, and the red light in panel B was the laser point and the triangle is the AFM cantilever.
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Figure 2. Large scale anomalous structures beside the wrinkled regions on the surface of muscovite mica. Deep grooves shown in height view (A),
section analysis view (B), and 3-D view (C). Discrete radial patterns beside a groove in height view (D), section analysis view (E), and 3-D view (F).
All AFM images were obtained by using tapping mode. The height bar and length bar applied to both height images. The white dotted lines in the

insets indicate the section cutting lines.

observe the patterns. Commercial silicon cantilevers with normal
spring constants of ~48 N/m and a resonant frequency of ~300 kHz
(Tap300 AI-G, Budget Sensors) were used for the air tapping mode
imaging. All images were captured with a scan rate at 1—2 Hz and 256
samples X 256 lines resolution. Silicon nitride cantilevers with a
nominal spring constant of 0.35 N/m (SNL-10, Bruker) were used for
air contact mode and tapping mode in liquid. After filling the as-
prepared peptide solution in the liquid cell, AFM imaging was started
immediately to study the dynamics of peptide assembly. AFM images
were processed with the Flatten function to remove any tilts during
imaging and analyzed with the Offline software (Digital Instrument,
Version 5.12) that was supplied by the AFM manufacture.

B RESULTS AND DISCUSSION

A mica surface that is freshly cleaved along the [001] plane
located in the potassium layer usually can be used as a super flat
substrate for AFM imaging. However, it is still possible to find
some defects, which are defined as anything that could destroy
the flatness of mica surface in this paper. The muscovite mica
sheets provided by the commercial corporations have
probabilities for some wrinkle-like defects on their surfaces,
and a few of these wrinkles might not be visualized without the
help of microscopy. As a substrate, these regions would
normally be abandoned by scientists who might consider these
regions to be a failure of a peeling procedure. However,
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meticulous observation of these regions reveals interesting,
amazing, and extraordinary patterns. As shown in Figure 1, the
wrinkles on the muscovite surface can be observed under
optical microscopy with a magnification of ~200X. AFM is an
eminent research tool used for the surface imaging and
analyzing, here both the tapping and contact AFM modes were
employed to further analyze the detailed surface structures at
the nanometer scale.

Around the apparent defects such as the groove-like
structures in Figure 2, there exhibits the strange patterns just
on the freshly cleaved muscovite mica surface. From the section
analysis of the grooves (Figure 2B), the depth is determined to
be ~1.0-3.5 nm. From Figure 2D, the patterns apparently
show two radial circles that are separated by a groove in
between. These patterns normally distribute around the defects
of the muscovite mica surface, and the size of the patterned
region can be over millimeter scale.

From Figure 34, it is clear to see that the patterned region is
separated by the step-edges of mica in a large scale (10 X 10
um), and the patterns remain consistent on the two sides of the
step-edges. And from the section analysis of the step-edge
(Figure 3B), the peak-to-valley height of ~0.5 nm equals to 1/2
step (1.002 nm) along the c-axis (muscovite mica is monoclinic
crystal with the cell parameters as a = 0.519 06 nm, b = 0.9008
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Figure 3. Anomalous patterns comparison between mica layers. Panels A, B, D, and E are the height view images obtained by using tapping mode
AFM. Both the height and length bars applied to all these height images. Panel A shows the coexistence of two layers and panel B shows the
disfigured patterns in a same layer. Panel E shows the surface topography of the same mica in panel D after peeling off its top layer. Panels C and F
are the section analysis views for panels B and E, respectively. The white dotted lines in the insets indicate the section cutting lines.

Figure 4. First group of regular patterns on the muscovite mica surface. Both panels A and D were obtained by tapping mode AFM, and panel G is a
contact mode AFM image. Both the height and length bars apply to all these three height view images (A, D, and G). Panels B, E, and H are the
section analysis views for panels A, D, and G, respectively. The white dotted lines in the insets indicate the section cutting lines. Panels C, F, and I are
the 3-D views of panels A, D, and G, respectively.

nm, ¢ = 2.0047 nm, f = 95.757°, space group C2/ ¢).2* The step-edges. In addition, it is also clear to see there is a bended

patterns from the upper layer develop their shapes continuously mismatched “line” in the pattern (Figure 3B), which leads to
without any orientation mismatches when crossing the half the rod-like units becoming narrow and disfigured, respectively.
8701 DOI: 10.1021/acsami.5b00984
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Figure S. Second group of regular patterns on the muscovite mica surface. Panels A, D, and G are all the height view images obtained by using
tapping mode AFM, and they share the same height and length bars. The inset in panel G is its magnified image to show the tri-rod-like units. Panels
B, E, and H are the section analysis views for panels A, D, and G, respectively. The white dotted lines in the insets indicate the section cutting lines.
Panels C, F, and I are the 3-D views for panels A, D, and G, respectively.

We speculate that this line could be the easily broken-line when
peeling off the mica sheet, just like to break the glass by a
diamond knife scratching first. The boundaries of the basic unit
could also act as broken-lines, which is demonstrated on
another two-layered mica surface with the extraordinary
patterns shown in Figure 3D,E. The height section analysis of
~0.2 nm for the top-bottom-layer depth indicates the bottom
layer is a middle structure layer between the periodic layers of
mica crystal structure, which should be formed by peeling off
actions due to the unstable atomic bonds inside the boundaries
of the basic units. Clearly, though the detailed pattern’s shapes
are destroyed, the extending orientation of the pattern’s
alignment can be still distinguished from the middle structured
mica layer.

For a closer observation, different morphological patterns are
discovered around the defects on the muscovite mica surface.
The first group of patterns shown in Figure 4 look like
ellipsoids and diamonds. As the basic units of patterns, the
dimensions of the diamond (1st row), the mulberry (2nd row),
and the ellipsoid (3rd row) are ~369.16 nm (length), ~183.62
nm (long diameter) X ~113.31 nm (short diameter), and
~150.46 nm (long diameter) X 111.38 nm (short diameter),
respectively.

In contrast to the first group of patterns above, the second
group of patterns show knot-like, rod-like, and tri-parallel-rod-
like morphologies from the top to the bottom rows,
respectively, in Figure S. Their dimensions can be described
as ~62.209 nm (diameter), ~331.38 nm (length) X ~75.49 nm
(width), and ~162.13 nm (length) X ~37.114 nm (width),
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respectively. In this group, the basic compromising units are
more complicated than those in the first group of patterns, in
that all of these three kinds of patterns have an apparent second
order of basic units. For instance, both rod (1st ordered) and
rod-consisting strip (2nd ordered) could be considered as the
basic units of the rod-like patterns in the second row.
Moreover, the tri-parallel-rod-like patterns in the third row
possess both the rod as the first ordered units and the tri-
parallel-rod as the second ordered units. In addition, the knot-
net-like patterns are more complicated to describe. It could be
better to grasp these patterns by their corresponding visualized
3-D view images beside their section analysis views, which again
exhibit the powerful capacity of AFM.

At the first glance from a large scale of the regularly
distributed patterns shown from Figure 2 to Figure 5, most
probably it may recall some interference/diffraction fringes
from the physics point of view. Some literature has reported the
large scale hexagonal domain-like structures superimposed on
the atomic corrugation of a highly oriented pyrolytic graphite
(HOPG) surface by scanning tunnelling microscopy (STM),*'
which was explained by a rotation of the topmost layer relative
to its neighboring underlayers of HOPG. Others may call these
patterns moiré fringes,”> which are mostly found on the HOPG
surface and observed by STM. To the best of our knowledge,
the moiré structures on HOPG are caused by the electronic
interference mechanism, and thus can only be observed by
STM and not by AFM or transmission electronic microscopy
(TEM). By the contact AFM mode in air, Guo et al. created the
moiré fringes on the muscovite mica by deliberately tuning the
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Figure 6. Evidence that the patterns exist real on mica surface. The anomalous patterns coexist with rived structures (A, C) and the man-made
scratches (E) on the surface layers of the muscovite mica. Panels A and C were obtained by the contact mode AFM, and panel E was a tapping AFM
image. Both the height and length bars applied to all these three height images: panels A, C, and E. In panel C, the groove and rods structures are
indicated by red and white arrows, respectively. Panels B, D, and F are the section analysis views for panels A, C, and E, respectively. The white

dotted lines in the insets indicate the section cutting lines.

scanning lines to periodically mismatch atomic lattices of the
muscovite surface.’” In other words this kind of moiré fringes
are created by the interference between AFM scanning lines
and the periodical atomic lattice lines, so they are artificial/
man-made visual images and cannot be repeatedly observed by
other microscopes which are not based on the line-scanned
technique. The similar phenomena was also observed on the
HOPG surface by using STM.> Because the periodical distance
of moiré fringes are normally larger than that of the atomic
lattices of crystal surfaces, so the moiré fringes can act as a
“magnifier” to examine the matter deformation and surface
imperfections of crystal lattices with scanning probe micros-
copy 373

Because the tunnelling current results from an overlap of
wave functions of the tip with the samples, the STM images
essentially represent the properties of the electronic structure of
the surfaces, despite the fact that images in some cases closely
resemble the geometric surface topography, that is, the atomic
arrangement at the surface.***” Some unusual electronic
patterns on HOPG were also reported by Choudhary et al,
in which they found a particular layer comprises 2-D spatially
varying superlattice and 1-D fringes, which was present in a
finite region of a layer on the surface confined between two
carbon fibers, and the authors attributed this spatially varying
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superlattice structure to the shear strain generated in the top
layer due to the restraining fibers.”®

As shown in Figure 6A,B, both these images were obtained
from the freshly cleaved muscovite mica surface. From Figure
6A, it is clear that the torn edges left on the surface have no
influence on the patterns. The section analysis of the neater
torn edges in Figure 6B shows that the average height of the
two rods (~0.9 nm) almost equals to the depth of the groove
(~0.9 nm). We postulate that the two rods and the groove
structures on this layer surface have the complementary
structures as two grooves and one rod on the peeled layer
surface. It is also very clear that on the two sides of the groove
or rods, the patterns are not continuously orientated but
developed independently. Moreover, we have artificially
scratched the mica surface by manipulating the AFM tip to
examine whether these patterns can be destroyed by some
external factors. However, the coexistence of the resulted
scratch with a depth of ~1 nm and the patterns in Figure 6C
proved that the patterns found in this report are real, but not
similar to those moiré fringes created by scanning based
microscopy.

Previously, a disease-related peptide GAV-9 was found to
grow epitaxially into nanofilaments on the mica surface in an
“upright standing” manner.'”"*'%*~** A more interesting
experiment, as shown in Figure 7, further in situ proved that the
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Figure 7. In situ observation of GAV-9 peptide self-assembling on the
mica surface with the anomalous patterns. Panel A shows GAV-9
peptides started adsorbing to mica surface after loading the peptide
solution onto the mica surface, and panel B shows that the formation
of peptide’s nanofibrils and the mica’s anomalous patterns did not
influence each other. Both the height view AFM images were obtained
by using the tapping mode AFM in liquid, and they shared the same
height and length bars.

external factors such as the peptide self-assembly events cannot
influence any to these intrinsic patterns; vice versa, these
extraordinary patterns do not influence the template-assisted
self-assembly or epitaxial growth of the peptide (GAV-9),
either. Moreover, these patterns are independent of the AFM
imaging modes (such as contact mode for Figure 4G and
Figure 6A,C and tapping mode for all other figures) and the
scanning rates/sizes, which overall concludes that they are real
but not some AFM artifacts caused by mechanical vibrations,
electrical interference, acoustic noise or optical interference.®®

Muscovite mica is monoclinic with a tendency toward
pseudohexagonal crystals. By analyzing the alignment of the
basic units from the most regular patterned images (Figure 8),
these localized patterns could be shown to somehow mimic 2-
D crystals. Moreover, from their cell parameters, all of three
patterns are similar to the orthorhombic system, which is a least

Figure 8. Regular patterns mimic 2-D crystals. The AFM height view
images with different regular morphologies (A, B, C) show their
periodic spatial distribution (the insets) with the 2-D Fourier transfer
function, and the corresponding results are shown in panels D, E and
F, respectively. The yellow circles show the minimum units of the 2-D
crystal-like patterns. The white rhomboids depict their crystal unit-
cells, whose cell parameters are measured as a = 111.35 nm, b
179.79, ¢ = 74.2° for panel D, a = 181.09 nm, b = 169.28, ¢ = 83.6°
for panel E and a = 141.82 nm, b = 118, ¢ = 107.1° for panel F,
respectively. Both the height and length bars apply to all the images.
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symmetric crystal catalogue with the characteristic cell
parameters of a # b, ¢ # 90°. Because AFM is unable to
detect the nether layers, and the current X-ray crystallography is
also difficult to analyze so small of regions, which are rarely
localized around the mica defects, so it is hard to identify the 3-
D atomic structure of these patterned regions. However, the
amazing consistence of the structural characteristics between
the most neighboring/adjacent layers revealed by AFM, as
shown in Figure 3, can convince us that the current 2-D crystal-
like patterns can be extended to 3-D orthorhombic systems,
and the third cell parameter ¢ is ~2 nm. This again
demonstrates the powerful capacity of AFM in this specific
research. Because the formation of mica minerals is a procedure
of crystallization under a natural/uncontrolled condition, such
defects formation could be inevitable events. Nevertheless, to
answer the question how this happens and whether this can be
controlled might remain interesting but unknown by the
current knowledge of crystallography.

B CONCLUSIONS

In conclusion, different natural patterns around the defects on
the muscovite mica surface have been discovered and
thoroughly analyzed by using AFM. Although we could not
explain their formation or even tell the significance of their
existence, at least we are able to discover these extraordinary
patterns on ever considered mica superflat substrates. Second,
we have also proved that these patterns are real but not similar
to those moiré fringes formed by either electronic interference
on HOPG or by artificial interference between atomic lattice
and scanning lines on the mica surface. Third, such patterns
have no effect on the template-assisted self-assembly or the
epitaxial growth of biomolecules (peptides), which in a certain
sense indicates the biomolecule’s epitaxial growth, thus allowing
some extent of perturbations like the anomalous patterns on
the substrates proved in this paper. We hope these
extraordinary patterns can draw attention from those who are
working with mica as the best super flat substrate for research
or industry applications.
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