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High-resolution atomic force microscopy (AFM) of biomacromolecules is a valuable method for structural studies
in biology. Traditionally, the surfaces used for AFM imaging of individual molecules are limited to mica, gra-
phite, and glass. Because these substrates have certain shortcomings, new or modified surfaces that improve the
quality of AFM imaging are highly desirable. Here, we describe an improved substrate for imaging of individual

;:;)Ctl‘: illsaci s biomacromolecules with high-resolution AFM based on graphite surfaces coated by physical adsorption. We
Polysaccharides provide a detailed methodology, including the chemical structure, synthesis, characterization and the use of a

substance that modifies the surface of freshly cleaved graphite, making it suitable for adsorption and AFM
visualization of various biomacromolecules while minimizing spatial distortions. We illustrate the advantages of
the modified graphite over regular surfaces with examples of high-resolution single-molecule imaging of pro-
teins, polysaccharides, DNA and DNA-protein complexes. The proposed methodology is easy to use and helps to
improve substantially AFM imaging of biomacromolecules of various natures, including flexible and/or un-
structured sub-molecular regions that are not seen on other AFM substrates. The proposed technique has the
potential to improve the use of AFM in structural biology for visualization and morphometric characterization of
macromolecular objects.

1. Introduction

Atomic force microscopy (AFM) has become a versatile metho-
dology with numerous applications in many fields of research and de-
velopment. In particular, it has been widely used in molecular biology
and related fields to visualize individual molecules of biopolymers, such
as proteins, nucleic acids, and polysaccharides [1]. The basic imaging
modes of AFM provide 3D topography images of the sample surface
with a high spatial resolution, typically reaching 5-20 nm in the X-Y
plane and about 0.1 nm in height, corresponding to molecular and sub-
molecular dimensions. Further increasing the quality and reproduci-
bility of single-molecule images is one of the main avenues of research
for modern AFM.

There are a number of preconditions that determine the resolution
and quality of AFM-based molecular imaging, of which sharpness of the
tip and quality of the substrate are perhaps the most critical. Of course,

the atomic smoothness of an adsorptive substrate is important for a
high-resolution AFM imaging; however, it is less well known that there
are other significant properties of the substrate, such as a charge and
hydrophobicity. As a result of empirical selection over the years, the
number of substrates used for AFM imaging of biomacromolecules is
rather limited. The most widely used substrate is mica, which is a ne-
gatively charged natural crystal with variable chemical structure and
high wettability. The most important advantage of mica is that it could
be easily cleaved to provide atomically smooth surfaces with no crystal
steps for hundreds of micrometers. Mica is suitable for single-molecule
visualization of proteins [2-4], DNA [5-7], and polysaccharides
[8-11], but it is prone to imaging artifacts due to a high surface charge
and absorption of water vapor from air [12,13]. Frequently used
methods of mica functionalization with alkoxysilanes, including 3-
aminopropyl-trietoxy silane (APTES), provide smooth positively
charged surfaces suitable for visualization of nucleic acids and proteins
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[6,7].

Another frequently used substrate is highly oriented pyrolytic gra-
phite (HOPG), a chemically inert synthetic carbon crystal. It can be
cleaved in the same manner as mica, but it is less uniformly flat because
it has many more crystal steps per surface area. Moreover, bare graphite
is known to induce conformational changes in adsorbed protein mole-
cules [14-17]. To improve its surface properties, graphite has been
modified by low-energy plasma [18] or by adsorption of long chain
alkanes, alcohols, and fatty acids [19] to make it suitable for single-
molecule imaging of proteins and DNA [20,21]. However, these mod-
ifications increase the roughness of graphite and long chain alkanes,
alcohols, and fatty acids produce visible lamellar patterns on the sur-
face.

Polished or chemically etched surfaces, such as silica and glass, are
used less often than mica and graphite due to the high surface rough-
ness that precludes visualization of fine structural details of adsorbed
molecules. However, these surfaces are still practical for single-mole-
cule AFM imaging of membrane proteins in lipid bilayers or some single
protein molecules directly adsorbed on the substrate surface [22,23].

With a limited number of appropriate AFM substrates, new surfaces
that allow for reproducible high-resolution AFM imaging of various
biomacromolecules are highly desirable. Here, we describe the che-
mical structure, synthesis, and the use of a substance named a graphite
modifier (GM) that coats the graphite surface and improves sub-
stantially AFM imaging of individual biomacromolecules. Graphite
coated with GM enabled us to visualize sub-molecular elements, such as
long and flexible unstructured regions in proteins, which are not ob-
servable in AFM with other surfaces. The method proposed to improve
single-molecule AFM imaging is remarkably reproducible and universal
to visualize proteins, nucleic acids, and polysaccharides. We describe in
detail all stages needed to reproduce this methodology, including
synthesis of the graphite modifier, coating of graphite, and preparation
of biomolecular samples followed by their AFM imaging. We illustrate
the advantages of the modified graphite over regular surfaces with
examples of high-resolution single-molecule visualization of proteins,
polysaccharides, DNA, and their complexes.

2. Experimental
2.1. Materials

N-methylmorpholine, 2-chloro-4,6-dimethoxy-1,3,5-triazine, 1,10-
diaminodecane, and dimethyl sulfoxide (DMSO) for general laboratory
use were purchased from Sigma-Aldrich (USA). N-Boc-tetraglycine was
purchased from Genscript (USA) and was 98% pure by HPLC.
Lyophilized human fibrinogen was from HYPHEN Biomed (France),
lyophilized calf thymus DNA from Sigma-Aldrich (USA), and un-
fractionated heparin solution was from Becton Dickinson (USA).
Human IgG was purified from serum of healthy donors as described
[24] and was 98% pure by SDS-PAGE. We used a buffer containing
20 mM HEPES pH 7.4, 150 mM NaCl with or without addition of 5 mM
CaCl,, to dilute samples for AFM. Highly oriented pyrolytic graphite was
from Electron Microscopy Sciences (USA).

NMR. 'H NMR spectra were recorded on a Bruker DPX-400 spec-
trometer (400 MHz) at 298K using DMSO-d¢ (Cambridge Isotope
Laboratories, USA) as a solvent. The signals’ resonance positions on *H
NMR spectra are given as chemical shifts (in ppm) and were calibrated
against the solvent residual peak (2.50 ppm).

2.2. Traditional substrates: mica and glass

We have tested three commonly used substrate surfaces: glow-dis-
charged glass, freshly cleaved mica, and mica modified with (3-ami-
nopropyDtriethoxysilane (APTES, Sigma-Aldrich, USA). To prepare
glow-discharged glass, microscope cover glass slip (22 X 22x0.16 mm,
Fisher Scientific, USA) was washed with a detergent, rinsed with 70v/v
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% ethyl alcohol, dried, and cleaned for 10 min using PDC-32G-2 Plasma
Cleaner (Harrick Plasma, USA). Untreated mica was cleaved with a
sticky tape and immediately used for sample preparation. APTES-
modified mica was prepared by treatment of freshly cleaved mica with
a diluted water solution of APTES [25].

2.3. Sample preparation on traditional AFM substrates

Proteins were diluted to 1-3ug/ml concentration with a buffer
(20 mM HEPES, pH 7.4, containing 150 mM NaCl and 5 mM CacCl,). For
deposition of proteins on the unmodified and modified mica, a 10-ul
drop was put on a clean parafilm and a substrate was placed on top of it
for 1 minute. Then the sample was washed with four 100-pl drops of
fresh milli-Q water, the liquid remaining after the last washing step was
blown away with a flow of air, making the surface dry and ready for
imaging. To prepare protein samples on glass, 10 pul of a sample was
deposited directly on the glass for 1 minute, rinsed with 500 pl of fresh
milli-Q water, and dried with a flow of air.

2.4. AFM modes and tips

All images of biomolecules presented in this paper were obtained
using a MFP-3D microscope (Asylum Research — Oxford Instruments,
USA) pre-calibrated with an interferometer and verified using a cali-
bration grid with 200-nm pits. Imaging was performed in air in tapping
mode with a typical scan rate of 0.5 Hz, using rectangular silicon can-
tilevers OMCL-AC200TS (Olympus, Japan). Dimensions of the canti-
lever 200 X 40 x 3.5 um, resonance frequency 150 * 50kHz, typical
spring constant 9 N/m and characteristic tip radius 7 nm were provided
by the manufacturer. Tapping mode imaging was performed with small
operational amplitudes: the free amplitude was set at 100 mV, which
corresponds to ~8nm, the set-point amplitude was kept as high as
possible for stable imaging in the attractive regime, and a typical set-
point amplitude was equal to 50-70 mV.

The image showing the molecular arrangement of a GM layer on
graphite was obtained using a Ntegra Prima microscope (NT-MDT,
Russia) pre-calibrated with an interferometer and verified using a ca-
libration grid with 20-nm pits. Imaging was performed in air in tapping
mode with a scan rate of 0.5 Hz, using a super-sharp AFM cantilever
that was made in-house by growing carbon nanoneedles at the tip of a
standard commercially available silicon cantilever [26]. The super-
sharp cantilever had a resonance frequency of 150 = 50 kHz, a typical
spring constant of 9 N/m, and a carbon nanoneedle tip radius of about
1 nm as measured by the transmission electron microscope [26]. The
ultimate spatial resolution was obtained in the repulsive tip-sample
interaction regime with small operational amplitudes: the free ampli-
tude was set at 3-5 nm, the set-point amplitude was kept below 1 nm at
the value which allowed for stable imaging in the repulsive regime.

2.5. AFM image analysis

FemtoScan Online software (http://www.femtoscanonline.com)
[27] was used to filter, analyse, and present the AFM images. SPM
Image Magic software (https://sites.google.com/site/spmimagemagic)
was used for a semi-automatic measurement of the height of visualized
molecules.

3. Results and Discussion

3.1. Chemical structure, synthesis, and characterization of the graphite
modifier (GM)

The chemical name of GM is N,N-(decane-1,10-diyl)bis(tetra-
glycineamide) dihydrochloride and its chemical structure is presented
on Fig. 1. The molecule, which is one of a class of amphiphilic modifiers
of hydrophobic surfaces [28], consists of a hydrophobic hydrocarbon
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Fig. 1. Chemical structure of the graphite modifier N,N'-(decane-
1,10-diyl)bis(tetraglycineamide) dihydrochloride. Synthesized as
a dihydrochloride salt. In aqueous solutions, chloride ions ex-
change with other anions.

60.2°+0.2°

45.5° +0.5°

Fig. 2. Imaging and physical characterization of unmodified and GM-modified graphite surfaces. AFM images characterizing roughness and morphology of
bare (A) and GM-coated (B) graphite. Image size 1 um x 1 pm. Insert in B shows a typical crack in the layer of GM. Water contact angles measured on freshly cleaved
bare graphite (C) and on freshly prepared GM-coated graphite (D). Each angle was calculated from 3 measurements on 3 independent samples. High-resolution AFM
image of the lamellar structure of GM layer with a DNA molecule adsorbed along the lamellae (E). Image size 90 nm x 90 nm. Arrows point to the discrete steps that
DNA makes between the neighboring lamellae. A dashed line indicates the boundary between two lamellar domains.

part (C10Hzp), which drives its adsorption to graphite, flanked by polar
tetraglycines at physiological pH bearing positively charged protonated
amines on both sides. The oligoglycine parts of the molecule reduce
hydrophobicity of the graphite surface and promote adsorption of polar
and negatively charged biomacromolecules via hydrogen bonds and
electrostatic interactions, respectively.

The following protocol has been developed to synthesize and purify
GM (Supplemental Fig. S1).

1 Add N-methylmorpholine (144 uM, 1.6 eq.) to the solution of 2-
chloro-4,6-dimethoxy-1,3,5-triazine (CDMT) (86.6uM, 1 eq.) in
anhydrous dimethyl sulfoxide (DMSO) for activation and stir for
15 min at room temperature.

2 Add N-Boc-tetraglycine (86.6 uM, 1 eq.) to the solution and stir for
30 min at room temperature.

3 Add 1,10-diaminodecane (36 uM, 0.4 eq.) and incubate the stirring
mixture overnight at room temperature.

4 Remove the solvent under reduced pressure.

5 Suspend the remaining solid in a small amount of methanol, filter on
a glass filter, wash with another portion of methanol and dry.

6 Transfer the product (a colorless solid) into a round-bottom flask,
dissolve in anhydrous trifluoroacetic acid and stir for 2hours at
room temperature. Evaporate the solution under reduced pressure.

7 Dissolve the residue in deionized water. Filter the resulting turbid
solution through a 0.45-um syringe filter.

8 Precipitate the material by adjusting pH to ca. 9 and filter the solid
on a glass filter.

9 Dissolve the precipitate in 2% hydrochloric acid and co-evaporate
with toluene and methanol/isopropanol mixture to dryness.

10 Suspend in diethyl ether, filter and dry, leaving the product as a
colorless dihydrochloride salt.

GM is a colorless powder soluble in water as well as in di-
methylformamide, DMSO, and methanol, and partially soluble in
acetone. It is insoluble in methylene chloride, diethyl ether, tetra-
hydrofuran, and toluene. GM is rather stable at the room temperature,
but for long-term storage it is advisable to keep it at +4-6 °C as a solid
or a concentrated (1-2 mg/ml) stock solution.

The 'H NMR spectra of the product recorded in deuterated DMSO
(Supplemental Fig. S2) revealed characteristic peaks of amide protons
(triplets at 8.72, 8.36, 8.10 and 7.79 ppm), the corresponding alkyl
protons (doublets at 3.83, 3.75, 3.66, 3.61 ppm) of tetraglycine and a

broad signal of the protonated amino groups (8.13 ppm), confirming
the complete removal of the protecting groups. The structure was
confirmed by the relative integral intensities of tetraglycine alkyl
proton signals and C;, alkyl proton signals (3.02, 1.38, and 1.24 ppm).
The high resolution mass spectra of GM revealed a molecular ion cor-
responding to the monoprotonated cation of GM (m/z found 629.3730,
calculated 629.3729).

3.2. Preparation and physical characterization of GM-coated graphite

Before coating with GM to prepare an AFM substrate, highly or-
iented pyrolytic graphite is cleaved using one-sided sticky tape. Then a
9-ul drop of fresh milli-Q water is placed on the freshly cleaved graphite
and 1 pl of 0.1 mg/ml water solution of GM is immediately added to a
final concentration of 0.01 mg/ml, mixed thoroughly within the drop,
incubated for 8 minutes, and dried by blowing air to make the surface
ready for use.

The morphology and surface roughness of the GM-coated graphite
were characterized with AFM in comparison with bare unmodified
graphite (Fig. 2A). On a larger scale, the GM-coated graphite had a
stepped surface that was indistinguishable from the bare graphite. On
the zoomed images, a layer of the graphite modifier was discernible due
to sparse surface defects or cracks 0.40 + 0.05nm (M * SD, N = 100)
in depth that did not affect the overall smoothness of the surface
(Fig. 2B). Notably, we never observed adsorption of biomacromolecules
within those defects, suggesting that they represent solvent-exposed
non-covered graphite regions. The prevailing surface area of GM-coated
graphite remained as smooth as bare graphite, the root mean square
roughness (R,) measured within flat parts of the graphite samples be-
fore or after coating with GM was equal to 0.09 * 0.02nm (M * SD)
as calculated from 10 images taken from three independently prepared
samples of each type. Therefore, the modification did not affect the
smoothness of the surface areas used for molecular imaging.

Next, we characterized the effect of GM on the hydrophobicity of
graphite by measuring the water contact angle before and after coating.
The measurements were done on an in-house built imaging system
using a sessile drop method [29]. Bare, freshly cleaved graphite dis-
played an average water contact angle of 60.2° = 0.2°(M = SD,n = 3)
(Fig. 2C), which is in agreement with the literature [30,31] and is
characteristic of a relatively good wettability. After coating with GM,
the average water contact angle went down to 45.5° = 0.5° (M * SD,
n = 3) (Fig. 2D), showing that coating with GM rendered graphite more
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wettable and hydrophilic than the bare graphite.

To study the molecular arrangement of the GM layer on graphite,
we employed super-sharp AFM cantilevers with a tip radius of about
1 nm [26]. An AFM image of the fine structure of GM-modified graphite
shows that the GM layer is composed of densely packed lamellae with a
period of 2.8 nm (Fig. 2E). Formation of the ordered structure is caused
by epitaxial crystallization of GM molecules on the surface of graphite.
On the nanoscale, the molecules in the lamellae are densely packed
parallel to the substrate and to each other. On a larger scale, lamellae
form domains oriented along the hexagonal lattice of graphite and
therefore often displaying a 60° angle between each other (Fig. 2E). The
characteristic size of these domains is relatively large: from several
hundred nanometers to micrometers, but under normal imaging con-
ditions the lamellar pattern on GM-graphite is not visible due to its
small period. DNA molecules adsorbed on the surface of GM-graphite
allow for indirect observation of the lamellar structure because they are
subjected to partial epitaxy and orient along the lamellae. The discrete
steps that the DNA molecule makes between the neighboring lamellae
to accommodate bending stress correspond to the period of the GM
layer (Fig. 2E).

Although the exact atomic arrangement of a GM layer on graphite is
unknown, we think that GM self-assembles in such a way that tetra-
glycines are exposed, making the surface highly hydrophilic, positively
charged at pH 7.4, and thus readily adsorptive for various amphipathic,
zwitterionic, and polyanionic biomacromolecules, comprising potential
objects for AFM imaging.

3.3. Deposition of biomacromolecules on GM-graphite

The protocol of sample preparation on GM-coated graphite for AFM
imaging is independent of the nature of biomacromolecules. For pro-
teins, sulphated glycosaminoglycans, and nucleic acids, the protocol
includes 3 consecutive steps.

1 Dilute macromolecule preparation to 1-3 pg/ml with an appropriate
detergent-free buffer.

2 Apply 2pl of the diluted sample on freshly prepared GM-coated
graphite and let it remain for 5-15s.

3 Take 20-100 pl of milli-Q water and add it carefully over the sample
drop, keeping the mixed liquid for 5-15s, and then remove it with a
flow of air until the surface is dry and ready for imaging. It is im-
portant to keep adsorption (step 2) and rinsing (step 3) quick be-
cause prolonged exposure to the substrate may trigger unwanted
conformational changes in the macromolecules, especially if the
sample solution is non-physiological [14,32].

3.4. Applications of GM-coated graphite for imaging of individual protein
molecules with high-resolution AFM

We used human blood proteins, immunoglobulin G (IgG) and fi-
brinogen, to demonstrate the advantages of GM-coated graphite for
visualization of protein molecules over 3 other substrate surfaces
commonly used for AFM of single biomacromolecules, namely glow-
discharged glass, freshly cleaved mica, and mica modified with APTES.

3.4.1. AFM visualization of human IgG

IgG is a 150-kDa protein with a well-characterized 3D structure.
Based on X-ray crystallography, IgG molecules typically have a Y-shape
which measures approximately 12nmx12nm x 4-5nm [33]. Fig. 3A
shows a representative image of individual IgG molecules on the GM-
coated graphite substrate. The protein was distributed evenly on the
sample surface with easily distinguishable single molecules and very
few aggregates. Most of the IgG molecules appeared globular, while
some had a characteristic Y-shape (Fig. 3B). When the same IgG pre-
paration was adsorbed on other substrates used for comparison with
GM-coated graphite, the IgG molecules had a similar appearance and
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were visualized as compact particles with a more or less pronounced Y-
shape (Fig. 3C-E). However, the measured height values varied con-
siderably depending on the substrate. On GM-coated graphite, the
average apparent height of IgG was the largest and equaled 3.0 nm,
compared to 2.1 nm on glass, 1.8 nm on bare mica, and 2.0nm on
APTES-mica (Fig. 3F-I). These dimensions suggest that on all the four
surfaces analyzed, IgG molecules adsorb as flat structures and that the
heights measured with AFM roughly correspond to the thickness of
individual molecules determined crystallographically. The discrepancy
of the AFM-based dimensions and crystal structures are unavoidable,
due to surface effects upon adsorption of the protein molecules and
sample drying that are typical for imaging of soft biomolecules by AFM.
Additionally, in tapping mode the probe can interact differently with
the macromolecules and their immediate surroundings as well as the
macromolecules can be lying directly on the bare substrate or there
might be an underlying "pillow" of surface adsorbate. However, the
average IgG height value obtained on GM-coated graphite (3 nm) was
the closest to the crystallographic dimensions (4-5 nm), suggesting that
the protein structure is preserved on the GM-coated graphite better than
on the other substrates tested.

3.4.2. AFM visualization of human fibrinogen

Fibrinogen is a 340-kDa glycoprotein that is essential for blood
clotting, wound healing, inflammation, angiogenesis, and several other
biological functions [34]. X-ray crystallographic studies show that this
protein is a 45-nm rod-like molecule with three globular portions 3-
5nm in diameter connected by 17-nm-long a-helical coiled coils (Fig.
S3) [34]. Fig. 4A shows a representative AFM image of fibrinogen on
GM-coated graphite. The molecules were evenly distributed over the
sample surface and clearly reproduced the overall crystal structure of
fibrinogen: each molecule consisted of three globules with the distal
globules being bigger than the central one, and all three globular por-
tions connected by thin linkers. In addition to the compact folded core
of the fibrinogen molecule, which is seen in X-ray crystallography,
transmission electron microscopy, and AFM on various surfaces
[3,35,36], using AFM on GM-coated graphite, we were able to visualize
the long unstructured extended polypeptide chains called aC regions
(Fig. S3) that showed up as thin flexible protrusions extending from the
molecule (Fig. 4B) [37]. Also, with the use of the GM modifier we were
able to distinguish the globular y- and B-nodules located at the terminal
regions of fibrinogen (Fig. 4B). Finally, the coiled-coil connectors
showed a kink in the middle (Fig. 4B) corresponding to the crystal-
lographically determined hinge of the triple-helices [35].

When fibrinogen was imaged on glass, mica, or APTES-modified
mica, the molecules also had a characteristic trinodular shape, but the
fine structural details such as the y- and B-nodules, coiled-coil con-
nectors and aC regions remained invisible (Fig. 4C-E). Therefore, GM-
coated graphite was the only AFM substrate of the four tested that al-
lowed for visualization and quantitative analysis of fine submolecular
structural details of fibrinogen [38].

To compare the influence of AFM substrates on the natural spatial
flexibility of adsorbed elongated fibrinogen molecules, we measured
the angle 6 between two symmetrical halves of the molecule as shown
on Fig. 4F. Then, the conformational flexibility of fibrinogen was seg-
regated into 3 categories based on the angular values: straight (170-
180° angles), slightly bent (130-170°), and strongly bent (< 130°)
conformations (Fig. 4G). Fibrinogen molecules adsorbed onto GM-
coated graphite demonstrated a considerable flexibility with 58% of the
molecules in the slightly bent conformation, 15% of strongly bent
molecules, and 27% of straight molecules. Fibrinogen molecules on
glass had a very similar distribution with a slight tendency towards less
flexible molecules (61% slightly bent, 11% strongly bent, and 28%
straight). On the surface of bare mica, a fraction of strongly bent fi-
brinogen molecules increased to 48% in good agreement with the
previously published data [3,39]. Conversely, on the surface of APTES-
mica, the rigid unbent molecules clearly dominated (56%), with only
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Fig. 3. Human IgG visualized with AFM on various substrates. (A) A representative low-resolution image of IgG on GM-coated graphite showing sparse single
non-aggregated molecules. High-resolution images of individual IgG molecules on (B) GM-coated graphite, (C) glow-discharged glass, (D) freshly cleaved mica, and
(E) mica modified with APTES. Height distributions of IgG molecules on (F) GM-coated graphite, sample size N = 557, (G) glow-discharged glass, N = 1228, (H)

freshly cleaved mica, N = 360, and (I) mica modified with APTES, N = 462.

1% of strongly bent molecules seen on this surface. These data de-
monstrate that conformational flexibility of a protein revealed with
AFM is strongly affected by the substrate used for protein adsorption
and that the GM-coated graphite allows more of the natural con-
formational flexibility than other substrates analyzed, of which APTES-
mica was the most restrictive.

To quantify the surface-related distortions of protein dimensions,
we also measured the height of all three of fibrinogen’s globular por-
tions and analyzed them as multi-peak histograms. When adsorbed on
GM-coated graphite, fibrinogen displayed the height distribution as
three distinct peaks (Fig. 4H), of which the 2.9-nm peak corresponded
to the terminal globules and two other peaks centered at 1.8 nm and
0.8 nm both corresponded to the central globule of fibrinogen and re-
flected its asymmetrical orientation on the surface. In fibrinogen mo-
lecules adsorbed on the other substrates tested, this spatial asymmetry
remained undetectable and the corresponding height histograms had
only two peaks (Fig. 41-K). The heights of fibrinogen’s globular portions
were the largest on GM-coated graphite and closest to the corre-
sponding dimensions in the crystal structure (about 5 and 3nm for

distal and central globules, respectively [35]) (Fig. 4H-I). These mea-
surements confirm that on GM-coated graphite the 3D structure of the
globular protein regions is preserved better than on the other substrates
tested.

In summary, GM-coated graphite has advantages over other sub-
strates used for AFM imaging of proteins in terms of smaller size dis-
tortions and higher conformational flexibility. It is also the only sub-
strate that allowed us to directly observe unstructured protein regions
such as fibrinogen aC regions, not visualized with other techniques,
including AFM imaging on various substrates.

3.5. Use of GM-coated graphite for AFM of polyanions (heparin and DNA)

The surface of GM-coated graphite is positively charged at physio-
logical pH, due to protonated amino groups on both ends of the
modifier (Fig. 1). Therefore, negatively charged (polyanionic) bioma-
cromolecules, such as sulphated glycosaminoglycans and nucleic acids,
readily adsorb on GM-coated graphite via electrostatic interactions.
Here we used heparin and double-stranded DNA to illustrate the
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Fig. 4. Human fibrinogen visualized with AFM on various substrates. (A) A representative image of fibrinogen on GM-coated graphite. Individual fibrinogen
molecules on (B) GM-coated graphite, (C) glow-discharged glass, (D) freshly cleaved mica, and (E) mica modified with APTES. White arrows in (B) point to the aC
regions, a green arrow points to the kink in the coiled coil. (F) A diagram showing how the bending angle 0 in the center of a molecule was measured in AFM images
of fibrinogen. (G) Apparent flexibility of the fibrinogen molecules on various surfaces shown as variations of the angle 6. Each pie-chart shows the frequency of
strongly bent (white), slightly bent (green) and straight molecules (blue); sample sizes on GM-coated graphite N = 302, on glass N = 314, on mica N = 101, on mica
modified with APTES N = 324. Height distributions of fibrinogen on (H) GM-coated graphite, sample size N = 2654, (I) freshly cleaved mica, N = 497, (J) glow-

discharged glass, N = 2162, and (K) mica modified with APTES, N = 1555.

application of GM-coated graphite for AFM of polyanionic biomole-
cules.

3.5.1. Visualization of heparin

Heparin is a natural anticoagulant, i. e. a substance that prevents
blood clotting, which is widely used as a highly efficient medication to
prevent and treat thrombosis. Structurally, heparin is a polymeric car-
bohydrate comprising a highly sulfated glycosaminoglycan with a
varying molecular weight of 5-40 kDa in unfractionated preparations
[40,41]. Heparin consists of a repeating disaccharide unit composed of
a monosulfated iduronic acid and disulfated glucosamine. To the best of
our knowledge, heparin has not been visualized with AFM or electron
microscopy previously. A representative AFM image of unfractionated
heparin on the GM-coated graphite (Fig. 5A) contained small elongated
structures of various lengths with a mean height of 0.6 nm (Fig. 5B) and
a contour length histogram with a peak at 14 nm (Fig. 5C). As expected
for unfractionated heparin, which has a variety of sizes, the length
distribution was lognormal with the longest heparin molecules stret-
ched out to 40 nm and the shortest filaments having a length of about 7-
8 nm. Comparison of our measurements with the previously estimated

lengths of heparin molecules in solution determined by small-angle
neutron scattering [42] suggests that the longest heparin molecules
observed correspond to a molecular weight of 40kDa, while the
shortest ones could represent a molecular weight below 10 kDa. Thus,
our imaging technique allows one to visualize, perform morphometry,
and study conformations of polymeric carbohydrates at the single mo-
lecule level.

3.5.2. Visualization of double-stranded DNA (dsDNA) and its complexes
with anti-DNA antibodies

DNA strands and DNA-protein complexes have been a traditional
object of AFM studies [43,44]. Therefore, we explored if our modified
substrate would provide competitive high-quality imaging of isolated
dsDNA molecules and DNA-containing immune complexes. On the
surface of GM-coated graphite, dsSDNA was typically seen as long en-
tangled threads (Fig. 6A) with an average height of 0.8 nm (Fig. 6B),
while occasional stretches of melted single-stranded DNA had an
average height of 0.4 nm. These dimensions are in good agreement with
the previous AFM studies of double-stranded and single-stranded DNA
[5,45].
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Fig. 5. AFM visualization of unfractionated heparin on GM-coated graphite. (A) Representative images with multiple (left) and individual (right) heparin
molecules. (B) Height distribution of heparin molecules fitted with a Gaussian, N = 1557. (C) Lognormal distribution of the heparin contour lengths, N = 417.

Flexibility of DNA in solution and on the surface is characterized by
its persistence length [46,47]. In solution, the DNA persistence length is
dependent on environmental factors, such as temperature, ionic
strength, etc. When DNA is adsorbed on a surface, the apparent per-
sistence length changes, depending on the properties of the substrate
and the mode of adsorption. Because positively charged surfaces, such
as GM-coated graphite, adsorb DNA via kinetic trapping [5,48-50], we
used this model to estimate the persistence length of the dsDNA in the
FemtoScan Online software. DNA molecules were traced with polygonal
chains, then a (6(1)) dependency was plotted, where (6?) is an average
square of the angle between two segments of the DNA separated by a
contour length ! from each other. The persistence length P was ap-
proximated from the slope of this plot using a formula (62(1)) = %. The
persistence length of the dsDNA adsorbed on GM-coated graphite from
a physiological solution at pH 7.4 containing 20mM HEPES and
150 mM NaCl was equal to 32 nm, which is in good agreement with the
solution-based measurements at a similar ionic strength [51].

In a similar way, GM-coated graphite could be used to image other
types of DNA, such as single-stranded, triple-stranded, quadruplex
DNA, and i-motif structures [45,52-54]. Generally, GM-graphite allows
for the same quality of DNA imaging as other frequently used surfaces
[25,45,52,55-59]. Both APTES-mica and GM-graphite trap DNA elec-
trostatically, so its shape on the surface is best described by a 2D pro-
jection of a three-dimensional chain. In contrast, DNA molecules de-
posited on bare mica equilibrate on the surface and behave as ideal
worm-like chains in two dimensions [48]. It could be expected that
kinetic trapping will allow for visualization of DNA-protein complexes.
To test that hypothesis, we further used dsDNA and human anti-dsDNA
antibodies to illustrate that non-covalently bound molecular complexes
can be also imaged with AFM using GM-coated graphite.

To generate DNA-antibody immune complexes, calf thymus dsDNA
was diluted to 0.5 pg/ml and mixed with 0.1 pg/ml purified anti-dsDNA
antibodies (final concentrations) in 20 mM HEPES buffer, pH 7.4. The
mixture was incubated for 10 min at 37 °C before application to GM-
coated graphite. Fig. 6C shows individual antibodies bound to one or
two linear segments of the dsDNA. The characteristic Y-shape of the
antibodies is clearly seen. Therefore, DNA-protein interactions are
preserved during adsorption of their complexes to the surface of GM-
coated graphite. We have also shown recently that other non-covalently
bound protein complexes preserve their stoichiometry and tertiary

Frequency, %

structures after adsorption to GM-coated graphite [38,60].

Therefore, GM-coated graphite is suitable for visualization of poly-
anionic molecules, including sulphated glycosaminoglycans and DNA
that adsorb on the GM-coated graphite via electrostatic interactions;
they retain the conformations and intermolecular interactions similar to
the ones observed in solution.

4. Conclusions

We present an improved methodology for single-molecule AFM
imaging of biomacromolecules, including proteins, polysaccharides,
and nucleic acids. The method is based on the use of a graphite surface
coated with an amphiphilic modifier comprising a hydrophobic alkane
hydrocarbon (CioHso) flanked by polar and positively charged tetra-
glycines on both ends of the molecule. The graphite modifier (GM) is
water-soluble and the procedure of graphite modification is simple and
fast. The modifier is applied to the surface of freshly cleaved graphite
and within minutes it forms a uniform atomically smooth layer that
improves substantially the AFM imaging of biomacromolecules. GM-
coated graphite is much more hydrophilic than the bare graphite, po-
sitively charged at physiological pH, and thus adsorptive for various
amphipathic, zwitterionic, and polyanionic molecules. GM-coated gra-
phite has advantages over other traditional substrates used for AFM
imaging in terms of higher resolution, smaller size distortions of in-
dividual protein molecules, and preservation of conformational flex-
ibility of proteins and intermolecular protein-protein and DNA-protein
interactions. The GM-coated graphite enabled us to produce high con-
trast images of flexible and/or unstructured protein regions that are
difficult to visualize by other techniques. An additional advantage of
GM-coated graphite is a high reproducibility of imaging. Therefore,
application of GM-coated graphite for structural studies of disordered
proteins has the potential to promote the use of high-resolution single-
molecule AFM in structural biology.
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