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Abstract

Imaging biomolecules in real space is crucial for gaining a comprehensive

understanding of the properties and functions of biological systems at the most

fundamental level. Among the various imaging techniques available for

biomolecules and their assembled nanostructures, scanning probe microscopy

(SPM) provides a powerful and nondestructive imaging option. SPM is unique

in visualizing intrinsically disordered biomolecules at the nanometer

scale (e.g., glycans). This review highlights recent achievements in studying

biomolecules using SPM technique, focusing on DNA bases, amino acids,

proteins, and glycans. The atomic‐level analysis of biomolecules made possible

by SPM allows for a more accurate definition of the local structure–property
relationship. High‐resolution SPM imaging of single biomolecules offers a new

way to study basic processes of life at the molecular level.
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1 | INTRODUCTION

Biomolecules represent the basic building blocks of
organisms. The study of biomolecules provides insights
into the nature of biomolecular interactions and the
mechanisms of many biological processes that form
the critical bases for controlling the properties
and functions of organisms.[1–3] To that end, it is of
primary importance to understand complicated

biomolecular structures, which requires a multidisci-
plinary approach,[4,5] involving analytical chemistry,[6]

soft matter physics,[7] and biochemistry.[8] In particular,
physics‐based experimental observations can facilitate
structural analysis and support synthetic chemistry,
thereby enhancing the understanding of biomole-
cules.[9,10] Furthermore, understanding and operating
biomolecules are intensively demanded in view of the
unique role of biomolecules in life medicine, disease
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treatment, and molecular recognition, as well as their
essential status and functions in organisms.

Indeed, structural information on biomolecules, as
the primary concern in molecular biology, has attracted
considerable attention over the past decades.[11–15] To
gain insight into the biomolecular structure and confor-
mations, various imaging techniques have been utilized
to achieve this goal.[16–18]

As already discussed in Dufrêne et al.,[19] Transmission
Electron Microscopy (TEM) can obtain the structure and
conformation of proteins, and the structure of organisms
with a molecular resolution. However, the sample used
for characterizing by TEM needs drying and depositing on
the grid, which can disrupt the biological activity of the
molecules during the imaging process. Super‐resolution
microscopy (STED, PALM, and STORM) can acquire
three‐dimensional (3D) cell structure and monitor the
evolution of living molecules in organisms. However, it
should be noted that these imaging techniques are limited
to visualizing fluorescence labels. Holographic coherent
diffraction is a promising alternative to both TEM and
super‐resolution microscopy, as it can achieve subnan-
ometer resolution images of individual protein and
protein complexes without inducing radiation damage.

On the other hand, scanning probe microscopy (SPM)
provides a direct visualization technology with ultrahigh
spatial resolution for imaging biomolecules on the sub-
nanometer scale.[19–27] The high‐resolution visualization of
biomolecular structures also significantly impacts biophysics
and biochemistry.[28–31] This kind of visualization is benefi-
cial for revealing important structural information, such as
the shape, size, and orientation of biomolecules, which is
essential for understanding their function and behavior.

Two widely used branches of SPM, Scanning Tunnel-
ing Microscopy (STM) and Atomic Force Microscopy
(AFM), offer unprecedented opportunities to study
biomolecules.[32–36] STM and AFM can image biomole-
cules under different conditions without damaging their
structures and biological activities, making them ideal for
studying delicate biomolecules.

SPM allows for real‐time biomolecule imaging, meaning
that dynamic processes, such as conformational changes or
interactions between biomolecules, can be obtained in situ.
This provides valuable insights into the behaviors and
functions of biomolecules in their native condition. SPM can
provide quantitative measurements of various properties of
biomolecules, such as surface roughness, height, elasticity,
and electrical conductivity. This allows for characterizing
biomolecules and their interactions with other molecules in
a quantitative manner, which is important for under-
standing their functions and properties.

Moreover, SPM allows for manipulating and
functionalizing biomolecules at the nanoscale. This

capability offers unique opportunities to design and
fabricate functional biomolecule‐based devices for
various applications.

To date, several types of biomolecules have been
characterized using SPM, such as proteins, nucleic acids,
lipids, carbohydrates, enzymes, and so on.[37,38] In this
review, we summarize the substantial progress of STM
and AFM in studying biomolecules. As shown in
Figure 1, we concentrate on biomolecules, including
amino acid, DNA, protein, and glycans by applying
multifunctional imaging modes of SPM. Moreover, we
introduce a new deposition technique, that is, electro-
spray ion beam deposition (ES‐IBD), and discuss how it
can combine with SPM for single‐biomolecule studies.
Finally, we present the technique's challenges, research
trends, and future prospects.

2 | STM AND AFM: A BRIEF
INTRODUCTION

Figure 2A shows the working mechanism of STM, where
a metallic tip is brought close to the sample to form a
tunneling junction between them. Within the tunneling
junction, the electron wave function of the tip overlaps
with that of the sample. By applying a voltage between
the tip and the sample, a tunneling current flows from
the tip to the sample or vice versa.[39] The tunneling
current is exponentially related to the tip and the
sample's integrated local density of states. While the tip
scans over the sample surface, a feedback system
maintains a constant tunneling current, enabling the
morphology of the sample surface to be obtained, and
facilitating the realization of the visualization of the
sample surface at the atomic scale.[40,41]

AFM is another imaging technique that is usually
used to observe various objects in physics and chemis-
try. Moreover, AFM can also be applied to soft systems,
such as synthetic biology and oncology.[19,42–49] Nowa-
days, many new AFM imaging modes have been
developed.[19,33,50–53] Contact mode, the primary
imaging mode of AFM, has been widely used for
decades.[32,54] However, in contact mode, the lateral
forces generated during the scanning process cause
reversible or irreversible deformations of soft biological
systems.[55] To overcome this issue and maximize the
resolution, the researchers in the field developed
the frequency‐modulated noncontact mode.[56–58] The
cantilever oscillates at the resonance frequency in the
imaging mode and generates a resonance frequency
shift (Δf) when the tip approaches to the sample
(Figure 2B).[59] Δf is proportional to the gradient
of the interaction force (Fts) in the limit of small
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amplitudes, allowing high‐resolution contouring of
biological samples.[32]

3 | SPM STUDY ON DNA AND ITS
COMPOSITION

DNA is a complex molecule that stores genetic informa-
tion in organisms. To acquire knowledge of the
structures and conformations of DNA molecules, SPM
has been used to study DNA and its composition in
different conditions, providing valuable insights into its
structural and conformational properties. In the follow-
ing, we will give some notable examples and achieve-
ments of SPM in studying DNA and its composition.

3.1 | Imaging single DNA molecules

Imaging DNA molecules is a challenge due to the
requirement for high spatial resolution and accuracy.
SPM can image a single DNA molecule in real space
owing to the imaging capacity at the atomic level.
Moreover, SPM exhibits excellent environmental com-
patibility, allowing for investigating biomolecules in
various conditions, ranging from solutions to ambient
conditions and ultrahigh vacuum environments.[60–62]

Cricenti et al. used STM to study double‐stranded
DNA in the air for the first time, revealing its helical
conformation (Figure 3A).[63] Pawlak et al. characterized
single‐strand DNA (ssDNA) conformations by STM
down to the subnanometer scale.[64] They found that

FIGURE 1 This review concentrates on the study of DNA self‐assembly, DNA molecules, amino acids, proteins, and glycans
(pentamannoside and hexamannoside) by the SPM technique. SPM, scanning probe microscopy.
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the hydrated ssDNA can transform into dehydrated
ssDNA oligomers (Figure 3B,C) at a sample annealing
temperature of 440 K, and linear structures with a length
of several nanometers emerged as the temperature
increased (Figure 3D), suggesting the diverse structural
nature of ssDNA in real space.

Tanaka and Kawai used STM to sequence individual
guanine bases in single‐stranded DNA molecules to
investigate single DNA further.[65] The single base appears
as bright protrusions in the STM topography image
(Figure 3E) and DI/dV mapping (Figure 3F), which is
perfectly matched with a part of the known guanine
base sequence of M13mp18 of viral DNA molecules
(Figure 3G). Moreover, they also identified the adenine
base of the extended M13mp18. As shown in Figure 3H,
white and yellow characters represent guanine and
adenine sites, respectively.[66] Unlike guanine, adenine
has no distinct contrast in the topographic image.

AFM was used to get the details of a single
DNA.[68–70] Among the different working models
of AFM, Frequency Modulation AFM (FM‐AFM) was
widely applied to investigate plasmid DNA in an aqueous
solution.[20] The major and minor grooves (partly marked

by red and blue arrows) of double helix structure
DNA with different widths were resolved (Figure 3I,J).
The conformations of two polynucleotide chains in
a single DNA double helix were also observed in near‐
physiological conditions.[67] The DNA appears as a tilted
right‐handed double helix structure (Figure 3K), while
the DNA with an elongated helical conformation is a
left‐handed double helix (Figure 3L).

In short, the direct imaging of DNA molecules at the
submolecule scale by SPM holds promise for establishing
the structure–function relationship of biomolecular
systems in vivo with high resolution.

3.2 | Imaging the self‐assembled
patterns of DNA bases

Studying the self‐assembly of complementary DNA bases,
such as guanine (G), cytosine (C), adenine (A), and
thymine (T), is essential to understand DNA structures
comprehensively.[71,72] A well‐ordered assembled struc-
ture formed by Watson‐Crick G–C pairs at a liquid/solid
interface was investigated.[73] The molecular rows and

FIGURE 2 Schematic diagram illustrating the typical setup of (A) Scanning Tunneling Microscopy (STM) and (B) Atomic Force
Microscopy (AFM). In STM, a bias voltage V is applied between the tip and the sample, while the tip scans the surface in the xy‐plane.
The z coordinate of the tip is adjusted using a three‐dimensional piezoelectric scanner controlled by a feedback loop. In AFM, a laser light is
reflected off the back of the tip onto the photodiode. The deflection of the cantilever is measured as it tracks the surface, enabling the
acquisition of an image depicting the sample topography. Both STM and AFM utilize feedback electronics to regulate the tip–sample
separation.
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quasisquare arrangement features are prominent for pure
C and G, respectively (Figure 4A,B). However, a distinct
double‐row structure is formed during the coadsorption of
G and C (Figure 4C), ascribing to the alignment by the
hydrogen‐bonded GC dimers.

Besides the above‐mentioned liquid/solid interfaces,
the self‐assembly of complementary DNA bases (A and
T) was also observed on a solid surface.[74] Every two A
molecules pack as A–A dimers (indicated with yellow
bars) and form a stable 2D network (Figure 4D). Each T
molecule is hydrogen‐bonded to two neighbors, leading
to T–T dimers and a “zigzag” structure (Figure 4E). A
well‐ordered cyclic structure was also observed by mixing
A and T molecules at a specific molar ratio (Figure 4F).

The reversible assembly/reassembly process between
guanine motifs was also observed to study the self‐
assembly of DNA bases systemically.[75] The alternation of

the guanine ribbon (Figure 4G) and the guanine quartet
(Figure 4H) was achieved by adding potassium picrate
(K+(pic)−) to the guanine ribbon or adding cryptand to the
guanine quartet, indicating that guanine molecules can
reversibly interconvert between two motifs.

Furthermore, the hydration process of DNA bases
was explored to enhance the comprehension of the
self‐assembly of DNA bases.[76] The controllable
interconversion between adenine–H2O complexes and
adenine was realized by adding or removing water
molecules (Figure 4I), resulting in a controllable
scission or stitching of the adenine structure.

Observing the self‐assembly of complementary
DNA bases at different conditions provides new insights
into the formation of early biological macromolecules,
intending to inspire further research to reveal life
processes.

FIGURE 3 Imaging nucleotides and single DNA chains. (A) d(ln I)/ds image of DNA molecules on Au. (B–D) STM images of
hydrated, dehydrated, and self‐assembled cytosine single‐strand DNA. (E–G) STM images of single‐stranded M13mp18 DNA molecules
and part of the base sequence of M13mp18 from a databank. (H) STM analysis of single‐stranded M13mp18 DNA molecules.
(I, J) FM‐AFM topographic image and molecular structure of the double helix plasmid DNA. (K, L) High‐resolution AFM images of two
polynucleotide chains in the DNA double helix. (A) is reproduced with permission from Cricenti et al.,[63] Copyright Science, 1989.
(B)–(D) are reproduced with permission from Pawlak et al., [64] Copyright Springer Nature, 2019. (E)–(G) are reproduced with permission
from Tanaka and Kawai,[65] Copyright Macmillan Publishers Limited, 2009. (H) is reproduced with permission from Tanaka and
Taniguchi,[66] Copyright The Japan Society of Applied Physics, 2017. (I) and (J) are reproduced with permission from Ido
et al.,[20] Copyright American Chemical Society, 2013. (K) and (L) are reproduced with permission from Leung et al.,[67] Copyright
American Chemical Society, 2012. FM‐AFM, Frequency Modulation Atomic Force Microscopy; STM, Scanning Tunneling Microscopy.
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4 | CHARACTERIZING AMINO
ACIDS AND PEPTIDES/PROTEINS

Amino acids are the foundational building blocks of
proteins and participate in numerous essential biological
processes. To get the details of amino acids, SPM was
utilized to investigate various types of amino acids and
achieved some achievements. Peptides and proteins,
larger biological molecules made up of amino acid
chains were also studied to gain insight into the
structures and functions of biomolecules.

4.1 | Imaging single amino acids

Amino acids, the basic unit of proteins, participate in many
essential life activities, such as metabolism.[77,78] Visualizing

single amino acids is vital for gaining a fundamental
understanding of their interaction. The self‐assembly
structure of amino acids (R‐ and S‐alanine) on Cu(110)
was studied.[79] A typical STM image is shown in Figure 5A,
where each bright protuberance represents an alanine
molecule, and six or eight molecules are arranged in pairs
to form a cluster. The adsorption and self‐assembly
of glutamic acid on Ag(100) were investigated to further
understand single amino acids.[80] Different structures,
such as flower‐ and square‐like structures, are shown in
Figure 5B.[81]

Forster et al. studied proline molecules on Cu(110)
to gain deeper insight into amino acids.[82] A (4 × 2)
overlayer was observed following the deposition of
enantiopure (S)‐proline on Cu(110) (Figure 5C).
Two different conformations, that is, conformer A and
conformer B, are formed due to different bonds of proline

FIGURE 4 Imaging of DNA bases self‐assembly. (A–C) STM images of cytosine, guanine, and coadsorption of guanine and cytosine.
(D–F) STM images of adenine, thymine, and the mixture of adenine and thymine. (G, H) STM images of guanine ribbon and guanine
quartet. (I) Dynamic hydration process of adenine molecular and adenine–H2O. (A)–(C) are reproduced with permission from Xu
et al.,[73] Copyright American Chemical Society, 2006. (D)–(F) are reproduced with permission from Mamdouh et al.,[74] Copyright
American Chemical Society, 2006. (G) and (H) are reproduced with permission from Ciesielski et al.,[75] Copyright Wiley‐VCH Verlag
GmbH & Co. KGaA, Weinheim, 2010. (I) is reproduced with permission from Zhang et al.,[76] Copyright The Royal Society of Chemistry,
2018. STM, Scanning Tunneling Microscopy.
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and copper atoms. Conformer A forms a bright protru-
sion, while conformer B appears as a faint protrusion
(Figure 5D), indicating that single‐molecule studies can
distinguish the adsorption footprints formed by amino
acids.

In brief, investigating the unique arrangements
of amino acids is a powerful approach to deepen our
comprehension of how amino acids interact and provide
insights into the conformation of diverse biomolecules.

4.2 | Imaging folded peptides/proteins

Peptides/proteins have been studied to gain a comprehen-
sive understanding of the structures and functions
of biomolecules. For instance, the chirality of the
self‐assembled nanofibers with short amphiphilic peptides

was investigated.[83] The fibril formed by LI3
LK shows a

twisted left‐handed conformation (Figure 6A). In contrast,
its enantiomer DI3

DK comprises a right‐handed twisted
conformation (Figure 6B), indicating that the chirality of
constituent amino acids plays a crucial role in controlling
their morphological handedness. Furthermore, the
self‐assembly of peptides was explored to create chiral
nanostructures by changing the amino acid sequence.[84]

Right‐handed helical nanofiber can be formed by
self‐assembling 9‐fluorenylmethoxycarbonyl (Fmoc)‐
FWH tripeptide (Figure 6C). In contrast, left‐handed nano
helices would be formed when the intermediate amino
acid Trp (W) in Fmoc‐FWH tripeptide is replaced by Phe
(Figure 6D), indicating that the change of amino acids
sequence can alter the chirality of tripeptides.

Dynamic information of proteins is vital for
understanding and manipulating biomolecules. Myosin

FIGURE 5 Characterization of single amino acid self‐assembly by STM and AFM. (A) High‐resolution STM image of S‐alanine on Cu
(110). (B) AFM images of (S)‐glutamic acid absorbed on Ag(100). (C, D) STM image of (S)‐proline on Cu(110) and two different conformers
formed by proline and copper atom. (A) is reproduced with permission from Xu et al.,[79] Copyright The Royal Society of Chemistry, 2011.
(B) is reproduced with permission from Tranca et al.,[81] Copyright American Chemical Society, 2013. (C) and (D) are reproduced with
permission from Forster et al.,[82] Copyright Wiley‐VCH Verlag GmbH & Co. KGaA, Weinheim, 2010. AFM, Atomic Force Microscopy; DFT,
density functional theory; STM, Scanning Tunneling Microscopy.

HOU ET AL. | 7

 2767441x, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/idm

2.12106 by C
N

R
 G

R
O

U
P II Istituto di Scienza dell', W

iley O
nline L

ibrary on [26/06/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



V, a protein found in most animal genomes, was studied
by high‐speed AFM.[85] The hand‐over‐hand movement of
tail‐truncated myosin V in a short interval of micro-
seconds can be obtained and is presented in Figure 6E–H.

The electron transfer process in proteins, which plays
a crucial role in photosynthesis and enzymatic reactions,
was studied to gain insight into protein functions.[86]

Figure 6I,J demonstrates the self‐assembled long‐axis
and short‐axis cytochrome b562 protein molecules in two
different orientations on the Au(111) surface. Notably,
these two types of molecules are well‐dispersed on the
surface (Figure 6K,L), and the function of the cytochrome
b562 protein can be retained when it is absorbed onto the
Au(111) surface.

FIGURE 6 Observation of single peptides/proteins. (A, B) AFM images of amphiphilic peptides LI3
LK and DI3

DK fibrils. (C, D) AFM
images of right‐handed and left‐handed helical nanofibers formed by fluorenylmethox ycarbonyl‐tripeptide. (E–H) AFM images of
tail‐truncated myosin V undergoing hand‐over‐hand movement. (I–L) Schematic and STM images of long‐axis configuration (left) and
short‐axis configuration protein cytochrome b562 (right). (A) and (B) are reproduced with permission from Wang et al.,[83] Copyright
American Chemical Society, 2017. (C) and (D) are reproduced with permission from Xing et al.,[84] Copyright American Chemical Society,
2018. (E)–(H) are reproduced with permission from Kodera et al.,[85] Copyright Macmillan Publishers Limited, 2010. (I)–(L) are reproduced
with permission from Della Pia et al.,[86] Copyright The Royal Society of Chemistry, 2012. AFM, Atomic Force Microscopy; STM, Scanning
Tunneling Microscopy.
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The observation of proteins/peptides using SPM
can yield valuable information regarding structural
biology and single‐molecule dynamics, providing essen-
tial references for the preservation of molecular biologi-
cal functions.

4.3 | Imaging peptides/proteins
self‐assembly

The self‐assembly of peptides, a vital link in protein
formation, has attracted attention in the past
decades.[87–91] For example, the self‐assembly of the
tetrapeptides KFFE and KVVE was studied.[92]

Figure 7A shows the island‐like structure of KFFE
with a parallel‐row arrangement formed by double
protuberances, depicted by solid and dashed lines
representing two types of row boundaries. The peptide
unit cell is marked by white oval contours. The
antiparallel structure of the rotor‐shaped KVVE is
illustrated in Figure 7B with white outlines. The
different combinations of conformations originate
from the intramolecular, intermolecular, and different
rows of adjacent residues (Figure 7C). These findings
have paved the way for designing novel self‐assembled
peptide structures using techniques such as molecular
deposition in a vacuum.

The chiral recognition of di‐phenylalanine was
explored to get peptides' information.[93] The supra-
molecular chirality generated by the stereoselective
self‐assembly of two or more dipeptides in the homo-
chiral chain is depicted (Figure 7D). The high‐
resolution STM images of isolated di‐L‐phenylalanine
and di‐L‐phenylalanine are obtained (Figure 7E,F).
The dynamic process of conformation adjustment is
also obtained by STM images and density functional
theory (DFT) calculations, revealing the “induced fit”
mechanism at the single‐molecule level.[95]

The utilization of two oligopeptides with only two
amino acid differences as bio‐organic building blocks
for 2D self‐assembly was demonstrated, resulting in
sequence‐controlled molecular nanostructures.[24] Two
types of ordered assemblies are observed when decapep-
tide angiotensin I is deposited on Au(111) surface.
Structure A consisting of chains with staggered dimers
can be ascribed to two peptides aligned in an antiparallel
manner (Figure 7G). A more compact assembly named
structure B is formed, in which the molecules are stacked
parallel along the long side, resulting in rows with
alternating contrast at the interface of rows. Instead of
small assemblies, extended domains of chiral honeycomb
networks with large hexagonal pores can be observed for
angiotensin II molecules (Figure 7H).

In addition, Chen et al. designed the conjugated
macrocycle (CPN8) supramolecular nanopores to manipu-
late antibiotic peptide (valinomycin).[96] The valinomycin
with three lobes located in the cavity of CPN8 can be
clearly observed. To further understand valinomycin, STM
was employed to investigate the K+‐induced switching
of valinomycin.[94] The 3D image of one valinomycin
molecule scattered in the macrocycle is presented. The
white arrow indicates the triangle‐shaped valinomycin
(Figure 7I). A structural model for the product formed by
cyclic arylamide and valinomycin is proposed based on
STM imaging (Figure 7J).

To address the issues of complex biological systems,
AFM was also performed to study the self‐assembly
of peptides/proteins.[44,97–99] The short dodecapeptide
selected by phages can self‐assemble on graphite
and form long‐range ordered nanostructures.[100] The
peptide self‐assembly process can be divided into
surface aggregation, gradual densification, and order-
ing, similar to epitaxial growth processes of atomic
systems on surfaces. Thus, imaging the self‐assembly
of peptides can improve the understanding of peptides'
information.[101,102]

5 | IMAGING GLYCANS

Glycans serve as both structural scaffolds and sources of
chemical energy in the cells of organisms. However, the
development of carbohydrate‐based research has been
limited by challenges in preparing these molecules.
To overcome these obstacles, researchers in the field
developed ES‐IBD to prepare macromolecules and large
nonvolatile molecules. ES‐IBD has been integrated with
SPM to facilitate detailed investigations of the structure
and properties of glycans.

5.1 | Schematic workflow of ES‐IBD

Considerable progress has been made in molecular
biology to date.[103–105] However, its further development
is hindered due to the limitations of preparing macro-
molecules and large nonvolatile molecules.[106–109] To
meet the requirement for the development of molecular
biology, ES‐IBD is developed, which can effectively
deposit macromolecule and nonvolatile molecules on a
predetermined interface and functionalize surfaces by
controlling deposition parameters.[110–115] The schematic
workflow of ES‐IBD is demonstrated in Figure 8,[28] where
the quadrupole mass‐to‐charge ratio (m/z) filter and the
time‐of‐flight mass spectrometer purify and monitor the
molecular ion beam. The electrostatic lenses are applied to
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put the beam selected by the m/z filter on the surface.
The ion current on the sample is measured during the
deposition, while its integration yields the deposited
charge. Such charges can be converted to molecular
coverage for a defined deposition area. The desired
coverage can be obtained with high precision by simply
switching off the ion beam once a specific charge is
reached. Moreover, the sample can be transferred in situ
to the STM system for further characterization after the
deposition.

5.2 | Real‐space visualization of glycans
by STM/ES‐IBD

Carbohydrates, also known as saccharides, serve as
the structural scaffolds and sources of chemical energy
within the cells of organisms and are ubiquitous in
nature.[12,116–120] The self‐assembly and conformation of
Trehalose, a nonreducing disaccharide with polymorphic
and anhydrobiotic properties,[121–123] on Cu(100) surface
were explored by combining STM/ES‐IBD and multistage

FIGURE 7 Exploration of self‐assembly of protein/peptide. (A–C) STM images of tetrapeptides KFFE and KVVE. (D–F) STM images of
di‐D‐phenylalanine and its enantiomer. (G, H) STM images of the staggering chains assembly and well‐ordered honeycomb network of
angiotensin II on Au(111). (I, J) 3D STM image and structure model of cyclo[16]aramide and valinomycin. (A)–(C) are reproduced with
permission from Kalashnyk et al.,[92] Copyright American Chemical Society, 2012. (D)–(F) are reproduced with permission from
Lingenfelder et al.,[93] Copyright Wiley‐VCH Verlag GmbH & Co. KGaA, Weinheim, 2007. (G) and (H) are reproduced with permission from
Abb et al.,[24] Copyright Springer Nature, 2016. (I) and (J) are reproduced with permission from Li et al.,[94] Copyright The Royal Society of
Chemistry, 2013. STM, Scanning Tunneling Microscopy.
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modeling approach.[124] Figure 9A records the
rearrangement and alteration of trehalose assemblies with
time evolution, showing the mobility of the molecules.
Three distinct motifs (motifs A–C) are observed during the
trehalose molecules' self‐assembly process (Figure 9B).

Figure 9C exhibits anisotropic assembly, where the single
trehalose molecules and the two saccharide subunits are
labeled with green lobes and two blue circles, respectively
(Figure 9D). Motif B depicts a square arrangement
consisting of eight molecules (Figure 9E), where a

FIGURE 8 Schematic workflow of the electrospray ion beam deposition. Reproduced with permission from Wu et al.,[28] Copyright
Springer Nature, 2020.

FIGURE 9 Preparation and exploration of the carbohydrate self‐assembly by STM/ES‐IBD. (A–H) Time evolution and three ordered
motifs A–C of trehalose. (I–L) Self‐assembly and models of sucrose. (A)–(H) are reproduced with permission from Abb et al.,[124] Copyright
The Royal Society of Chemistry, 2019. (I)–(L) are reproduced with permission from Abb et al.,[125] Copyright Die Autoren. Verçffentlicht von
Wiley‐VCH Verlag GmbH & Co. KGaA, Weinheim, 2019. ES‐IBD, electrospray ion beam deposition; STM, Scanning Tunneling Microscopy.
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windmill‐like pattern is formed by four molecules
(marked by blue), and the four remaining molecules are
located at the corners (green outline), aligning with
adjacent molecules (Figure 9F). The bright central feature
of motif C consists of one or two bright spots plus several
molecules (Figure 9G,H). The individual trehalose mole-
cule is identified by combining STM images and multi-
stage modeling approach simulations. These results
demonstrate a new technique's feasibility by combining
ES‐IBD and STM, for surface assemblies and high‐
resolution imaging, respectively. The combined technique
serves as a universal method to characterize the complex
patterns of nonvolatile molecular species.

Moreover, the combination of ES‐IBD, STM, and
multistage modeling approach was also applied to shed
light on the conformation and assembly of sucrose.[125] As
displayed in Figure 9I, almost all molecules are assembled
into a periodic porous network comprised of slender double
lobes and form 2D islands. Every four lobes come together
to form a node (marked by blue circles), and each double
lobe corresponds to a single molecule based on its length
and width. The high‐resolution STM image illustrates that
each double lobe is composed of two different circular
features, representing two different monosaccharide struc-
tural units of sucrose (Figure 9J).

A multistage modeling approach was performed to
simulate the sucrose and to further clarify the molecular
conformation and interactions. Three types of conforma-
tions of a single sucrose molecule were acquired by
global exploration and local optimization, and further
optimized with DFT calculations (Figure 9K). The
configuration of S‐min1

DFT illustrates that the fructose
ring is upright, while the glucose is almost flat. The
configuration of S‐min2

DFT presents a bowl‐like structure
formed by bent molecules. The glucose unit in s‐min3

DFT

is inclined, while the fructose unit is almost upright.
To determine the ultimate conformation of sucrose

on the Cu(100) surface, a simulation of STM image based
on the theoretical model of the s‐min3

DFT model was
implemented (Figure 9L). The intensity distribution on
the single molecule demonstrates a good agreement with
the STM image, where glucose can be clearly distin-
guished from fructose by the concave boundary and
the brightest feature is the fructose building block. Studying
sucrose by combining the ES‐IBD‐STM‐modeling approach
lays the foundation for understanding polysaccharide
conformations at the submolecular level.

5.3 | Imaging single glycans

Glycan has attracted tremendous attention as a large
biomolecule with more diverse and branched structures

than peptides and nucleotides.[12,126–128] To acquire the
details of glycans at the single‐molecule level, real‐space
imaging of a single molecule is indispensable. Cold
ES‐IBD was applied to prepare a single glycan in virtue
of its capability of reducing surface impurities and
accurately controlled deposition on the predetermined
surface.[28,29,107] The linear glycans, named α1–6 penta-
mannoside containing an alkylamino linker group at the
reducing terminus, were used for initial imaging experi-
ments. As shown in Figure 10A, five topographic
protrusions are observed, which can be resolved as single
monosaccharide subunits. The heights of the individual
monosaccharide features in glycans are different and
clearly separated by local minima (Figure 10B).

To distinguish isomers with different connectivity in
glycans, STM directly identifies two‐branched hexamanno-
sides. The STM image of hexamannoside 4 shows two side
chains branching out at angles close to 90° on the opposite
sides of the linear backbone (Figure 10C). In comparison, a
more compact shape was observed for hexamannoside 5
due to the greater flexibility (Figure 10D). Subsequently,
this method studies the more complex glycans, such as the
triply branched undecasaccharide 6. Each monosaccharide
subunit is visible because all branches are separated from
each other. D1 and D2+D3 arms can be distinguished
according to the number of mannose units (Figure 10E).
Direct visualization of the glycan at the single‐molecule
level under cryogenic conditions allows one to understand
biomolecular superstructure and even crack the “sugar
code.”[129]

To further understand the properties of glycans, the
conformation of oligosaccharides is revealed by analyz-
ing the ground and excited conformations produced by
the soft collision of oligosaccharides to a surface.[2] The
STM image of the adsorbed cellohexaose appears as a
chain containing six protrusions, corresponding to six
glucose (Glu) units in cellohexaose (Figure 10F–I). The
extended, partially coiled, and fully coiled conformers as
representative types of conformers are revealed. The
horizontal “H” and the vertical “V” orientation states of
the Glu units in cellohexaose are also observed.

Moreover, based on the number of V units in the
cellohexaose chain, the conformers are grouped to
get a reasonable cellohexaose conformational space
(Figure 10J–W). VV, VH, HV, or HH linkages are
determined by the orientation of one pyranose ring
regarding the neighboring ring. HH linkage straight-
ened the chain to form the extended conformer
(Figure 10J), while the VV bent the chain by ∼60° to
produce a coiled conformer (Figure 10W). The diverse
conformations illustrate that the geometric freedom of
the chain is increased by HV and VH linkages
(Figure 10K–V). DFT calculations show that the
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partially coiled and the fully coiled are excited
conformation states, while the extended one is the
ground conformation state. The conformational
landscape of cellohexaose demonstrates that molecular
interactions play a central role in biological[130,131] and
chemical reactions.[132]

6 | CONCLUSION AND
PERSPECTIVES

The identification of biomolecular structures is a
fundamental issue in molecular biology. Imaging biomo-
lecules in real space provides essential information for
the further analysis of biosystem behaviors and func-
tions. SPM is a powerful imaging technique that enables
the characterization of biomolecules at the subnan-
ometer scale, and it can be applied to study biomolecules
in solutions and other conditions. SPM‐related probing
and controlling techniques offer a new pathway for the

precise structural manipulation of biomolecules. None-
theless, there are still challenges in probing biomolecules
using SPM. These difficulties primarily arise from issues
with sample preparation, imaging in solution, tip–sample
interactions, and resolution.

The application of SPM could be extended in several
ways in the future. Improving spatial, energy, and
temporal resolution, along with optimizing environ-
mental compatibility, are critical for the optimal
performance of SPM. Improved spatial and energy
resolution, for instance, can be achieved by using
molecularly modified tips, which can better replicate
the morphological characteristics of 3D biomolecules,
facilitating detailed characterization of molecular struc-
ture. High‐speed imaging can enhance experimental
efficiency and facilitate real‐time monitoring of molec-
ular interactions. Furthermore, a shorter interaction
time between molecules and the tip can better preserve
the intrinsic properties of samples. In addition,
the integration of SPM with other techniques, such as

FIGURE 10 Nonaveraged imaging of single glycan molecules. (A–E) STM images of different types of glycans. (F–W) STM images and
real‐space conformations of cellohexaose. (A)–(E) are reproduced with permission from reproduced from Wu et al.,[28] Copyright Springer
Nature, 2020. (F)–(W) are reproduced with permission from Anggara et al.,[2] Copyright American Chemical Society, 2020. STM, Scanning
Tunneling Microscopy.
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ES‐IBD, spectroscopy, and microscopy, can provide a
more comprehensive analysis of biomolecules.

On the other hand, although the combination of
ES‐IBD and STM offers a practical and feasible approach
for the deposition and characterization of nonvolatile
molecules and macromolecules at a single molecular level,
the commercialization of this technology still largely hinges
on the development of intense ion sources. Therefore, the
development of an intense and efficient ion source is
necessary for expanding the range of applications of ES‐
IBD. Combining this technique with a synchrotron source
or low‐energy electron holography with ES‐IBD would be
expected to further improve its capabilities.

Overall, the potential applications of SPM in bio-
molecular research are promising, encompassing areas,
such as drug discovery, protein engineering, and
bio‐nanotechnology. With continued advancements in
SPM technology, the probing of biomolecules will lead to
new insights and breakthroughs in understanding the
structure and function of biomolecules.
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