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1. Introduction

According to Web of Science, 104 522 items are associated
with the term “atomic force microscopy” (AFM) since 1987

(search carried out in December 2018). This large number

shows that AFM is well established in the scientific community.
After refining the search, the number of items related to both

scientific and technological fields, for example, materials sci-
ence multidisciplinary (32 389), applied physics (28 921),

chemistry physical (21175), physics condensed matter (14 762),
and chemistry multidisciplinary (13 887), is still large.

AFM,[1] as part of the scanning probe microscopy family of

techniques, has been utilized for the last three decades to
characterize (bio)molecules and (bio)materials.[2–6] In compari-

son with other characterization techniques, such as electron
microscopy (transmission and scanning), AFM seems to be

more versatile. For example, it permits dynamic processes to
be followed at the micro- and nanoscale in aqueous environ-
ments at different temperatures. In addition, AFM can be com-

bined with other characterization techniques, such as fluores-
cence microscopy or Raman/IR spectroscopy, to overcome its
own limitations (e.g. , absolute distance or chemical fingerprint
determination).[7, 8]

For further reading, the following reviews summarize the
versatility and measuring properties of AFM in different fields.

Francis et al. discussed the contribution and versatility of the

technique applied to biological and biomedical systems.[9]

Handschuh-Wang et al. described, in a compact way, new ad-

vances in the combination of optical techniques with AFM, ex-
plaining their basic principles and pointing out different appli-

cations.[10] An extensive article presenting the history, develop-
ment, and prospects of high-speed AFM was written by

Ando.[11] Researchers interested in high-vacuum AFM should

focus on the detailed article written by Giessibl.[12] Patel and
Kranz,[13] in a very complete work, discussed how tip modifica-

tion delivered chemical information. They also explained the
use of electrochemical imaging and their applications. Finally,

Gross et al. recently reported progress and challenges of high-
resolution scanning probe microscopy with functionalized tips
in the elucidation of molecular structures.[14]

2. AFM-Based Characterization Techniques

2.1. Topography imaging and mechanical machines

If spectroscopy and optical techniques are based on the inter-

action between light and matter, AFM is mainly defined by the
interaction of matter with matter. Briefly, the main elements of

an AFM are a scanner, probe (a bare cantilever or a cantilever
with a sharp tip or a colloidal particle), photodetector, and

computer (Figure 1). The interaction forces acting between the
tip and sample bend the cantilever according to the Hooke

law. Bending is monitored and detected by a photodiode that

collects the reflection of a laser beam at the backside of the
cantilever, while scanning or recording force curves. A piezo

scanner moves either the sample or the tip in three dimen-
sions. The surface properties of the sample are then obtained

from the tip/sample interaction and the final image is deliv-
ered by a computer.

Briefly, herein the use of atomic force microscopy (AFM) in the
characterization of molecules and (bioengineered) materials re-

lated to chemistry, materials science, chemical engineering,
and environmental science and biotechnology is reviewed.

First, the basic operations of standard AFM, Kelvin probe force

microscopy, electrochemical AFM, and tip-enhanced Raman mi-
croscopy are described. Second, several applications of these

techniques to the characterization of single molecules, poly-
mers, biological membranes, films, cells, hydrogels, catalytic

processes, and semiconductors are provided and discussed.
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Generally, the most used imaging modes are contact and
tapping mode. Other researchers refer to static and dynamic

modes with all of their possibilities : contact, jumping, tapping,

amplitude, and frequency modulation. An important advance
in scanning is high-speed AFM, which was developed by Ando

et al. ,[15] and deserves a review on its own.
In contact mode, while the sample is scanned, the value of

the repulsive force between tip and sample is kept constant.
A gentler scanning option, especially for soft samples, is tap-

ping mode because it reduces lateral forces that could

damage the samples. In this mode, the cantilever is set to os-
cillate vertically at (or close to) its resonant frequency. Once

the tip is far away from the sample, the cantilever oscillates
with constant amplitude, whereas for smaller tip–sample dis-

tances the amplitude of the oscillations is reduced. High-reso-
lution images can be obtained by using a feedback loop that

keeps the amplitude of the cantilever oscillation at a constant

level during scanning. Differences between the set drive phase
and phase of the cantilever response can be used to gain an

insight into viscoelastic and adhesive properties of the sample

under study. Interesting and didactic literature concerning dif-
ferent AFM measuring modes can be found in the work of sev-

eral authors.[16, 17] Representative (biological) samples measured
with these imaging modes include nanotubes, lipids, proteins,

molecular self-assemblies, or cells.[18–22]

At this point it is worth mentioning other methods for

beam-deflection measurements implemented by research

groups with a long tradition and expertise in AFM develop-
ment. Among them, the most relevant ones are capacitive de-

tection by using cantilevers as capacitors (their deflection pro-
duces a change in capacitance)[23] and piezoelectric detection

(for which the deflection of piezoelectric cantilevers is detected
as an electrical signal ; this permits atomic resolution to be ach-
ieved).[24]

Apart from scanning, AFM opens up a wide range of experi-
mental possibilities upon use as a “mechanical” machine; this
is technically known as force spectroscopy. In this case, force–
distance (or force–time) experiments are carried out. In such

experiments, the AFM tip (or a colloidal probe) approaches
and is retracted from the sample at different speeds (which

might range from 30 to 10 000 nm s@1). Bending of the cantile-

ver is determined as a function of the displacement of the
piezo scanner, whereas the force sensed by the cantilever is

calculated based on Hooke’s law (the bending or deflection of
the cantilever is multiplied by the spring constant).[25] The

force–distance curves can be divided into three parts (see
Figure 1, right). First, the approaching curve delivers informa-

tion about repulsive or attractive forces (e.g. , electrostatic, van

der Waals, hydration, or entropic forces).[26–28] Second, contact
of the cantilever with the sample (the dwell time can be de-

fined by the researcher) permits mechanical properties (e.g. ,
the Young modulus, relaxation time, and viscosity) to be inves-

tigated.[29–31] Finally, the retracting curve provides information
about nonspecific adhesion forces, ligand–receptor forces,
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Figure 1. Left : Main component of an AFM setup. A flexible cantilever (in this case, with a sharp tip) interacts with the sample (through attractive/repulsive
forces), and therefore, is the AFM sensing element. The deflection of the cantilever due to interactions is measured after detecting the reflected laser beam
with a position detector (a four quadrant photodiode). The piezoelectric scanner can be moved with nanoscale resolution along either the x–y or x–y–z axes,
depending on the commercial device. Right: Representative force–distance curve recorded for a living cell. The measurement starts with the cantilever at rest
(sensing zero force). Then, the cantilever approaches the cell to deliver information about molecular and colloidal forces. Finally, the cantilever is retracted
from the sample to convey information about the existence of adhesive forces, molecular unfolding events, and tethers. (Image adapted from Ref. [33] .)
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tethers, and molecular unfolding.[3, 32, 34] To quantify the interac-
tion forces, the spring constant of the cantilever has to be

evaluated before starting the experiments, whereas the con-
tact point between tip and sample has to be determined for

every recorded force curve.[35, 36]

Modification of the tip (or colloidal particle) through well-de-

fined chemistry leads to a particular type of force spectroscopy
(chemical force microscopy) and a new form of imaging based
on molecular recognition.[37, 38] In both cases, “two molecules”
interact specifically. These experiments permit the study and
determination of particular interactions (e.g. , hydrophobic–hy-
drophobic, ligand–receptor).

A breakthrough in high-resolution imaging is the work of
Schuler and co-workers.[39] They were able to resolve the struc-
ture at an atomic level of asphaltene molecules by combining

AFM with scanning tunneling microscopy. Such results opened

up the possibility of investigating, in detail, the structure of
compounds used in molecular electronics or photovoltaic

devices.

2.2. Electrical modes (Kelvin-probe force microscopy and
electrochemistry)

Another interesting possibility is to use conducting probes
(tips or particles) to combine classical scanning with electrical

surface mapping. This is the case for Kelvin-probe force micros-
copy (KPFM). With this technique, the conducting cantilever is

scanned over a sample at constant height to obtain the con-

tact potential difference, Vcpd (which is determined by the work
functions of both tip and sample; Figure 2). Measurement of
the contact potential difference is performed by applying an
oscillation (of frequency w) in the bias voltage to the probe

and sample. In this way, a capacitor is formed. Simultaneously,
the cantilever is oscillated at its resonance frequency, w0, and a

typical noncontact contact mode feedback acts on the phase,
so that the frequency shift can be monitored and registered. If

the dependence of the bias voltage with time is Vbias = VDC +

VAC sin (wt), with steady DC and oscillating AC components, the

frequency shift exhibits two harmonic components (at w and
2 w) of expressions: DFw& (VDC@Vcpd)VAC sin (wt) and DF2w&
(VAC)2 cos (wt). Now, if a second feedback mechanism is able to

change VDC such that DFw = 0, VDC will be equal to the contact
potential difference, Vcpd, which is the magnitude of interest. In
general, mapping of the work function provides information
about corrosion phenomena, catalytic activity, or electrical

properties of junction devices.[40–42]

The last measuring mode discussed in this section is related

to electrochemical experiments. By adding a special sample

holder with three electrodes to the standard AFM configura-
tion, it is possible to follow redox reactions that are taking

place in electrolyte solutions on an electrode surface, as well
as to characterize the morphology of the surface of the elec-

trode.[43] Basically, the sample acts as a working electrode,
while the nonconducting tip monitors variations in the sample

as a function of time. Experimentally, it is recommended to use

dilute electrolyte solutions and to avoid corrosion effects on
the AFM scanner and AFM tip. A contemporary extension of

this measuring mode is the use of a special metal-coated tip
that is insulated, except at its apex, which is utilized as an elec-

trode to detect species in an electrolyte solution.

2.3. Spectroscopy mode (tip-enhanced Raman spectroscopy)

Raman spectroscopy permits vibrational and rotational modes
to be monitored, providing a structural fingerprint by which

molecules can be identified.[44] Therefore, the combination of

AFM (which can be operated in liquid conditions) with Raman
spectroscopy can be useful to investigate both topographical

and chemical changes at the nanoscale for a wide range of
(biological) samples, such as fibril proteins,[45] carbon nano-

tubes,[46] DNA,[47] and cells.[48] More specifically, tip-enhanced
Raman spectroscopy (TERS)[49] uses an apertureless probe to
enhance the Raman signal emitted by the sample molecules,
which are separated from the probe by a few nanometers, and

a metallic tip that is irradiated along its apical axis by a laser
with a wavelength in the visible region (l= 500–650 nm). Be-
cause the tip is sufficiently close to the sample, field enhance-
ment is possible, leading to molecular excitation and registra-
tion of local Raman spectra. Field enhancement is related to

excitation of metal plasmons of the tip, which acts as an an-
tenna. The maximum excitation range is about 20 nm in the

vertical direction and 20–50 nm in the lateral one. Once the
laser is aligned to the tip (its wavelength should match the res-
onance of the surface plasmons), the sample stage scans the

sample underneath the tip, without disturbing the initial laser
alignment on the tip. TERS can be used in different setups,

and therefore, is able to operate in either reflection (conven-
ient for nontransparent samples) or transmission (this mode

Figure 2. In KPFM, an alternating current (AC) plus direct current (DC) volt-
age is applied to the cantilever, causing an oscillating electrostatic force be-
tween tip and sample. The resulting deflection oscillation is detected with a
lock-in amplifier and minimized by the DC voltage, which equals the local
contact potential difference between tip and sample (fr : resonant frequency;
w: applied frequency; Vs : surface potential ; t : time). (Figure adapted from
Ref. [85] .)
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needs an inverted microscope) modes. Figure 3 shows a typical

transmission TERS configuration.

3. Selected Examples of Applications

Although the previous methodological section contains basic

references to introduce the reader to different measurement
possibilities of AFM, in this section, a collection of articles

(many of them published in the last four years), considered to
be scientific and technically interesting for the reader of Chem-

SusChem, have been selected. The section is divided by
(model) system and contains different examples that were in-

vestigated with the four methodologies described in the previ-

ous section (high-resolution imaging, force spectroscopy, elec-
trical modes, and tip-enhanced Raman spectroscopy).

3.1. Molecules and polymers

A recent example of the strength of AFM, in terms of high res-

olution, has been reported by Buchholz and co-workers.[50] The

authors, by combining AFM with circular dichroism (CD) spec-
troscopy and dynamic light scattering, investigated the blood

protein beta 2-glycoprotein, which presents two main confor-
mations (open and closed). AFM images revealed that lysine

acetylation promoted a larger population of proteins in an
open conformation, which played a role in the autoimmune

disease antiphospholipid syndrome. Another example of the

resolution capability of the atomic force microscope can be
found in the work of Milhiet et al.[51] In this study, a new

method to locate transmembrane proteins in lipid bilayers was
tested with AFM. The authors could demonstrate that proteins

were incorporated within the lipid bilayer through their hydro-
phobic domains. Other dynamic processes can be also moni-

tored with standard AFM imaging. Moreno-Cencerrado et al.

followed the formation of 2D bacterial proteins crystals as a
function of time for different protein concentrations

(Figure 4).[52] Such measurements enabled the testing of theo-
retical crystal-growth models.

A very instructive work concerning protein immobilization

strategies for performing single-molecule force spectroscopy
experiments has been presented by Becke and co-workers.[53]

They provided a protocol that described the covalent binding
of proteins to silicon surfaces by straightforward chemistry

(e.g. , the use of silanes, 1-ethyl-3-(3-dimethylaminopropyl)car-
bodiimide and N-hydroxysuccinimide). Furthermore, they de-
termined the interaction force (about 50 pN) between adhesin

RrgA (from Streptococcus pneumoniae) and fibronectin. This
study shows the relevance of molecular orientation in force
spectroscopy measurements.

The combination of force spectroscopy measurements with

tips that are chemically modified permits recognition experi-
ments to be performed on model systems. The work of Par-

reira and co-workers illustrated the power of this approach for

studying bacterial adhesion.[54] They reported on the binding
force between adhesin BabA (from Helicobacter pylori) and a

glycan receptor. The strategy used involved the immobilization
of BabA on the AFM tip, while the glycan receptor was linked

to biotin self-assembled monolayers. This study is also interest-
ing because of analysis of the theoretical bond kinetics. Hence,

the main findings showed that two bond populations de-

scribed the binding process.
Among recent work on the mechanical unfolding of pro-

teins, the study performed by Yu et al. is remarkable.[55] They
reported on instrumental limitations that might not allow ex-

isting intermediate states to be detected while performing
force spectroscopy measurements. Through optimization of

Figure 3. In TERS, a sharp tip (made of Au or Ag) works as an antenna. Once the laser is aligned at the correct location, the sample stage scans the sample
(in this way, laser alignment onto the tip does not change). Raman spectra emitted by the sample are collected by a spectrometer (and a charge-coupled
device (CCD) camera).
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the experimental setup, it was possible to obtain microsecond

resolution. In this way, the authors could mechanically unfold
bacteriorhodopsin molecules in native lipid bilayers to find
new intermediate states. Their setup permitted the unfolding
of about two amino acids to be observed over microseconds

(usual experiments record the unfolding of 6 to 60 amino
acids over milliseconds). Furthermore, they were able to recon-

struct the folding free-energy landscape.
Recently, TERS was utilized to characterize protein glycosyla-

tion and glycans.[56] The authors pointed out the complexity of

data processing (e.g. , multivariate analysis) because of the po-
tential dependence on the orientation of the protein. Further-

more, the results indicated that the technique could discrimi-
nate between native and glycosylated forms of RNase.

TERS has also been successful in the detection of nucleobas-

es. Treffer and co-workers performed experiments on single-
stranded adenine and uracil polymers.[57] Their results consti-

tute an advance because spectral contributions of the nucleo-
bases could be distinguished on a strand. In addition, if the tip

was moved laterally in steps of a base-to-base distance, the
collected spectra gave sequential information.

3.2. Membranes, fibers, and cells

Supported lipid bilayers are one of the most studied model

membranes. For this particular case, AFM imaging has offered
many possibilities to researchers. One of the latest published

works deals with the monitoring of phase transitions of lipid
mixtures of 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1’-rac-

glycerol) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoetha-
nolamine (POPG:POPE). Borrell et al. reported on differences in
the shift of the melting transition for liposomes (measured in
bulk through differential scanning calorimetry) and lipid bilay-
ers (observed through AFM).[58] Recently, Unsay et al. published

an interesting academic work on the use of AFM imaging and
force–distance curves on lipid bilayers.[59] The authors de-

scribed a protocol to build supported lipid bilayers on solid

supports (e.g. , mica), and reported on the topography and me-
chanical properties of (1,2-dioleoyl-sn-glycero-3-phosphocho-

line (DOPC)/sphingomyelin (SM)/cholesterol (Chol)) lipid bilay-
ers. AFM, in combination with total internal reflection fluores-

cence microscopy, was used to image, in real-time, cellulose
hydrolysis on nanometer-scale fibers.[60]

Figure 4. Two-dimensional protein crystal growth as a function of time (x axis) and protein bulk concentration (y axis). Standard AFM (tapping mode) imaging
is able to register coverage of the fluoride-functionalized hydrophobic SiO2 surfaces. Experimental adsorption data can be used to check growth models and
to optimize parameters for protein layer formation. (Image taken from Ref. [52] , with permission.).
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In this regard, AFM has delivered important information
about cellulose fibers. Lahiji and co-workers investigated the

topography and elastic and adhesive properties of wood-de-
rived cellulose nanocrystals under different humidity condi-

tions.[61] They implemented finite element calculations to esti-
mate a transverse elastic modulus in the order of GPa, and

found variations in thickness from 3 to 8 nm. Another interest-
ing and more focused study on the elasticity of cellulose was
performed by Hellwig et al,[62] who determined the mechanical
properties of wet cellulose beads of different charge densities
by recording force–distance curves with a colloidal probe (i.e. ,
gold particles of about 20 mm). The resulting data were com-
puted by means of the Derjaguin–Meller–Toporov (DMT)
model, which included the adhesion force between the sample
surface and AFM probe in the analysis.

Investigating a more complex system, Muraille et al. indent-

ed one type of lignified cell wall and compared the results
with those obtained from lignocellulosic films; thus showing

the role of lignin on the mechanical properties of cell walls.[63]

Another work concerning the mechanical characterization of

wood cell walls was carried out by Cassdorf et al. ,[64] who
could distinguish between the cell wall layers of the com-

pound middle lamella of spruce wood by means of mechanical

measurements.
For about 20 years, AFM (imaging and force spectroscopy)

has also been applied to bacteria and human cells. Recently,
El-Kirat-Chatel et al. investigated the adhesion of bacteria

(which presented different phenotypical traits) on antifouling
coatings to be used on ship hulls.[65] The main findings indicat-

ed that adhesion forces at the population level did not always

correlate with individual adhesion forces because some bacte-
ria were susceptible to phenotypic heterogeneity amid their

population. If one considers bacteria as colloidal objects, the
surface potential could play an important role, through electro-

static interactions, on adhesion phenomena. Such surface po-
tential (or surface charge density) can be determined by

means of KPFM. Birkenhauer and Neethirajan illustrated how

to characterize the surface potential of Staphylococcus aureus
on steel and gold surfaces (functionalized with poly-l-lysine).[66]

Imaging and force spectroscopy also provided interesting re-
sults in the investigation of human cell lines. Nowadays, it can

be said that AFM is a diagnostic tool, which can differentiate
healthy from unhealthy cells.[67] A recent and very complete

work on cell mechanics was performed by Efremov and co-
workers.[68] The authors proposed a method to acquire the vis-
coelastic properties of cells (and hydrogels) for arbitrary load-

ing. They tested the method on different cancerous cell lines
and induced transitions from epithelial to mesenchymal states,

and performed finite element simulations to model and vali-
date the experimental results. Force spectroscopy at cellular

level can be used to elucidate the main molecules responsible

for the adhesion of bladder cancer cells to endothelial cells.
Duperray et al. quantified adhesion forces and identified the

key ligands involved in the process.[69] Complementary experi-
ments to target membrane receptors in healthy and cancers

cells can be carried out with TERS. In particular, Xiao and
Schultz showed that TERS could differentiate between different

membrane receptors (integrins) that bound to the same argi-
nine–glycine–aspartate–phenylalanine–cysteine (RGD) sequen-

ces.[70] In a previous study, Wang and Schultz demonstrated
that the Raman spectrum of the avb3 integrin receptor could

be detected in the membrane of colon cancer cells.[71] The
measurement strategy consisted of exposing the cells to nano-

particles (NPs) functionalized with cyclic RGD (c-RGD) ligands
before collecting the Raman signal. Figure 5 shows the varia-
tion of the TERS intensity and spectra for particle/cell interac-

tions.

3.3. Hydrogels, catalysis, corrosion, and semiconductors

Interest in hydrogels has increased in recent decades due to
their “smart” response to changes in environment (e.g. , tem-
perature, ionic strength, humidity). Researchers working on
tissue engineering,[72] plasmonics,[73] or biosensing and drug

delivery[74] have taken advantage of the physicochemical prop-
erties of hydrogels. Vamsi and Yadavalli characterized the me-

chanical properties of poly(ethylene glycol) diacrylate based

hydrogels, which are important for biomedical applications, at
the micro- and nanoscale.[75] The authors quantified the effect

of monomer molecular weight, initiator concentration, and hy-
dration rates on the mechanical properties of the hydrogels

through force–distance curves.
Catalysis is important for scientific and technological fields

such as biology, medicine, environmental chemistry, or chemi-

cal engineering. The study of catalytic phenomena at the
micro- and nanoscale requires a combination of AFM scanning

and spectroscopy. Harvey and co-workers integrated Raman
spectroscopy with AFM to study the photo-oxidation of rhoda-

mine 6G over Al2O3-supported AgNP.[76] The experiments were
carried in a cell in which gas and temperature could be varied.

A recent article on electrochemical AFM features demonstrated

how a conducting tip sensed the electronic properties of
cobalt (oxy)hydroxide phosphate.[77] Another use of electro-

chemical AFM was its application in an investigation of corro-
sion on aluminum alloys in solution. Davoodi et al. proposed a
probe that could work either as cantilever or as microelec-
trode. In their experiments, the electrochemical current was

registered by using the redox mediator I@/I@3.[78]

Recently, studies that extend an understanding of heteroge-

neity on graphite/graphene surfaces for electrochemical appli-
cations have been conducted by Nellist et al.[79] They used a
nanoelectrode (with a conical Pt tip) in combination with tap-

ping AFM mode to characterize surface topography, nanome-
chanics, and nanoelectronic properties.

KPFM has also been a useful tool to investigate photovolta-
ics and solar conversion technologies. In both cases, high

energy conversion efficiency and low-cost processing are key

goals. In this context, Jiang et al. investigated charge transport
and separation in perovskite solar cells.[80] Their results indicat-

ed the existence of a p–n junction structure at the TiO2/perov-
skite interface. The results also showed that improved carrier

mobility was essential to increase the efficiency of perovskite
solar cells.

ChemSusChem 2019, 12, 603 – 611 www.chemsuschem.org T 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim608

Minireviews

http://www.chemsuschem.org


Finally, nonvolatile random access memory devices are able
to retain information if the power is turned off. Ferroelectric

thin films are suitable candidates to build such

memory devices. Su and Zhang used KPFM to inves-
tigate the surface potential dependence on voltage

and duration upon application to copper-doped
ZnO films (see Figure 6).[81] They concluded that the

copper-doped ZnO films exhibited enhanced bipolar
charge-trapping properties, which could be an ad-
vantage for nonvolatile memory applications. The

difference can be understood in terms of the
doping-induced shift of the Fermi level, which pro-
vides a good representation of the characteristics of
the semiconductor material.

4. Summary and Outlook

In the last three decades, atomic force microscopy
(AFM) has expanded its use to many scientific and

technological fields. This short Review has presented
four measuring modes based on AFM. Although the

described methods have been successfully applied
to study different problems, there is room for im-

provement, for example, high-speed imaging has

opened up new possibilities for exploration (as
pointed out before, this alone should be the topic of

a separate review). The appropriate model to inter-
pret mechanical experiments performed on soft-

matter systems is still required. In addition, a critical issue for
tip-enhanced Raman spectroscopy (TERS) experiments is opti-

Figure 5. TERS intensity maps (top) and corresponding TERS spectra (bottom) of cells incubated with three functionalized NPs: c-RGD–AuNP (a, b), RGE–AuNP
(c, d), and citrate–AuNP (e, f) ; RGE = arginine–glycine–glutamic acid–phenylalanine–cysteine, AuNP = gold nanoparticles. The heat map was obtained from the
vertical line near 1003 cm@1. Although the spectra of RGE and citrate NPs showed wide variation, the spectrum of c-RGD–AuNPs was reproducible, possibly
due to the integrin receptor. (Figure taken from Ref. [71] , with permission.)

Figure 6. KPFM images of a) the undoped ZnO film, b) 2 % Cu-doped ZnO film, c) 8 % Cu-
doped ZnO film, and d) 10 % Cu-doped ZnO film. The surface potentials were 550 and
18 mV for the ZnO film and 8 at % copper-doped ZnO film, respectively. (Figure taken
from Ref. [81] , with permission.).
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mal tip preparation that could ensure good reproducibility and

high enhancement. Another issue is spectral interpretation and
the difficulty in locating characteristic bands that are specific

to each sample.
Kelvin-probe force microscopy (KPFM) has not yet been

widely utilized in biological and colloidal systems, mainly be-
cause it is used in air. A difficult challenge would be to eluci-

date the surface potential in biosystems because it is affected

by interactions with the medium. This task is certainly relevant
because surface potentials are important for the interaction of

particles, biointerfaces, cells and tissues.
Finally, a summary of the main properties and challenges as-

sociated with AFM, KFPM, and TERS is provided in Table 1.

Acknowledgements

J.L.T.H. thanks Dr. J. Iturri and Dr. B. Prats-Mateu for reading the
manuscript and their artwork. This work has been partially fi-

nanced by the Austrian Science Fund (FWF) project number
P29562-N28. This paper is dedicated to the memory of Prof. Hel-

muth Mçhwald.

Conflict of interest

The author declares no conflict of interest.

Keywords: atomic force microscopy · materials science ·
natural products · scanning probe microscopy · surface

analysis

[1] G. Binnig, C. F. Quate, Ch. Gerber, Phys. Rev. Lett. 1986, 56, 930 – 933.
[2] N. Jalili, K. Laxminarayana, Mechatronics 2004, 14, 907 – 945.
[3] P. Hinterdorfer, Y. F. DufrÞne, Nat. Methods 2006, 3, 347 – 355.
[4] J. Jupille, Rev. Mineral. Geochem. 2014, 78, 331 – 369.
[5] N. Gavara, Microsc. Res. Tech. 2017, 80, 75 – 84.
[6] Y. L. Lyubchenko, J. Phys. D 2018, 51, 403001.
[7] A. Alessandrini, P. Facci, Meas. Sci. Technol. 2005, 16, R65-R92.
[8] B. Kainz, E. A. Oprzeska-Zingrebe, J. L. Toca-Herrera, Biotechnol. J. 2014,

9, 51 – 60.
[9] L. W. Francis, P. D. Lewis, C. J. Wright, R. S. Conlan, Biol. Cell 2010, 102,

133 – 143.
[10] S. Handschuh-Wang, T. Wang, X. Zhou, RSC Adv. 2017, 7, 47464 – 47499.
[11] T. Ando, Biophys. Rev. 2018, 10, 285 – 292.
[12] F. J. Giessibl, Rev. Mod. Phys. 2003, 75, 949 – 983.
[13] A. N. Patel, C. Kranz, Annu. Rev. Anal. Chem. 2018, 11, 329 – 350.
[14] L. Gross, B. Schuler, N. Pavlicek, S. Fatayer, Z. Majzik, N. Moll, D. PeÇa, G.

Meyer, Angew. Chem. Int. Ed. 2018, 57, 3888 – 3908; Angew. Chem. 2018,
130, 3950 – 3972.

[15] T. Ando, T. Uchihashi, N. Kodera, Annu. Rev. Biophys. 2013, 42, 393 – 414.
[16] G. Haugstad in Atomic Force Microscopy : Understanding Basic Modes

and Advanced Applications, Wiley, Hoboken, 2012, pp. 1 – 31.
[17] B. Voigtl-nder in Scanning Probe Microscopy : Atomic Force Microscopy

and Scanning Tunneling Microscopy (NanoScience and Technology),
Springer, Heidelberg, 2015, pp. 177 – 221.

[18] C. L. Cheung, J. H. Hafner, C. M. Lieber, Proc. Natl. Acad. Sci. USA 2000,
97, 3809 – 3813.

[19] S. Tharad, A. Moreno-Cencerrado, O. Uzulmez, B. Promdonkoy, J. L.
Toca-Herrera, Biochem. Biophys. Res. Commun. 2017, 492, 212 – 217.

[20] D. J. Meller, A. Engel, Nat. Protoc. 2007, 2, 2191 – 2197.

Table 1. Summary of the measuring properties/advantages and drawbacks/challenges of AFM, KFPM, and TERS.

Device Measuring properties/advantages Drawback/challenges

AFM[a] functions in air, vacuum, and liquid (between &5 and 60 8C);
atomic resolution in high vacuum (sub-nanometer in liquid) ; in general,
lateral molecular resolution (&1–5 nm) and sub-nanometer vertical reso-
lution (&1 nm)
3D surface profile to deliver direct information about the interaction
forces between tip and sample;
useful for studying mechanical properties of biomaterials at the nano-
and microscale;
does not require either vacuum or possibly damaging sample treatment
(e.g. , metal/carbon coatings)

smaller scan image size (mm range) compared with scanning electron
microscopy (mm range);
slow scan time could lead to thermal drift (partially solved with high-
speed AFM);
AFM images can be affected by piezoelectric hysteresis (closed-loop
scanners might eliminate this problem);
unsuitable tips can produce image artifacts

KFPM[b] simultaneous mapping of topography and potential (or work function);
mainly used for materials science for metallic and semiconducting struc-
tures;
allows measurement of the contact potential difference with lateral and
potential resolutions below 50 nm and 10 mV, respectively;

surface potential control is important for materials and biological sys-
tems (e.g. , crucial for the interaction of living cells with exogenous de-
vices) ;
surface potential while studying biological samples is affected by the
environmental medium (and surface contaminants) ;
measurement in liquid requires AFM tips insulated at their apex to pre-
vent current leakage;
proper comparison and interpretation of KFPM data with results ob-
tained from electrophoretic mobility and streaming potential ;
cheap and robust electrode fabrication

TERS[c] nanometer spatial resolution (&30 nm);
chemical fingerprint recognition (identification and classification of mate-
rials) ;
there are still unresolved questions about mode selectivity (this might
limit certain applications);
could benefit from the ability to use visible light for excitation

ability to investigate samples in solutions;
tip reproducibility and reference samples;
deeper understanding of the TERS process;
statistical data analysis

[a] Introduced by Binnig and co-workers in 1986.[1] [b] Introduced by Nonnenmacher and co-workers in 1991.[82] [c] Introduced by Stçckle and co-workers[83]

and Anderson[84] in 2000.

ChemSusChem 2019, 12, 603 – 611 www.chemsuschem.org T 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim610

Minireviews

https://doi.org/10.1103/PhysRevLett.56.930
https://doi.org/10.1103/PhysRevLett.56.930
https://doi.org/10.1103/PhysRevLett.56.930
https://doi.org/10.1016/j.mechatronics.2004.04.005
https://doi.org/10.1016/j.mechatronics.2004.04.005
https://doi.org/10.1016/j.mechatronics.2004.04.005
https://doi.org/10.1038/nmeth871
https://doi.org/10.1038/nmeth871
https://doi.org/10.1038/nmeth871
https://doi.org/10.2138/rmg.2014.78.8
https://doi.org/10.2138/rmg.2014.78.8
https://doi.org/10.2138/rmg.2014.78.8
https://doi.org/10.1002/jemt.22776
https://doi.org/10.1002/jemt.22776
https://doi.org/10.1002/jemt.22776
https://doi.org/10.1088/1361-6463/aad898
https://doi.org/10.1088/0957-0233/16/6/R01
https://doi.org/10.1002/biot.201300087
https://doi.org/10.1002/biot.201300087
https://doi.org/10.1002/biot.201300087
https://doi.org/10.1002/biot.201300087
https://doi.org/10.1039/C7RA08515J
https://doi.org/10.1039/C7RA08515J
https://doi.org/10.1039/C7RA08515J
https://doi.org/10.1007/s12551-017-0356-5
https://doi.org/10.1007/s12551-017-0356-5
https://doi.org/10.1007/s12551-017-0356-5
https://doi.org/10.1103/RevModPhys.75.949
https://doi.org/10.1103/RevModPhys.75.949
https://doi.org/10.1103/RevModPhys.75.949
https://doi.org/10.1146/annurev-anchem-061417-125716
https://doi.org/10.1146/annurev-anchem-061417-125716
https://doi.org/10.1146/annurev-anchem-061417-125716
https://doi.org/10.1002/anie.201703509
https://doi.org/10.1002/anie.201703509
https://doi.org/10.1002/anie.201703509
https://doi.org/10.1002/ange.201703509
https://doi.org/10.1002/ange.201703509
https://doi.org/10.1002/ange.201703509
https://doi.org/10.1002/ange.201703509
https://doi.org/10.1146/annurev-biophys-083012-130324
https://doi.org/10.1146/annurev-biophys-083012-130324
https://doi.org/10.1146/annurev-biophys-083012-130324
https://doi.org/10.1073/pnas.050498597
https://doi.org/10.1073/pnas.050498597
https://doi.org/10.1073/pnas.050498597
https://doi.org/10.1073/pnas.050498597
https://doi.org/10.1016/j.bbrc.2017.08.051
https://doi.org/10.1016/j.bbrc.2017.08.051
https://doi.org/10.1016/j.bbrc.2017.08.051
https://doi.org/10.1038/nprot.2007.309
https://doi.org/10.1038/nprot.2007.309
https://doi.org/10.1038/nprot.2007.309
http://www.chemsuschem.org


[21] I. Reviakine, W. Bergsma-Schutter, A. Brisson, J. Struct. Biol. 1998, 121,
356 – 362.

[22] Q. Huang, W. Huayong C. Peng, J. B. Fein, W. Chen, Sci. Rep. 2015, 5,
16857.

[23] T. Gçddenhenrich, J. Vac. Sci. Technol. 1990, 8, 383 – 387.
[24] F. J. Giessibl, Appl. Phys. Lett. 1998, 73, 3956 – 3958.
[25] H. J. Butt, B. Cappella, M. Kappl, Surf. Sci. Rep. 2005, 59, 1 – 152.
[26] H. J. Butt, Biophys. J. 1991, 60, 1438 – 1444.
[27] M. Borkovec, I. Szilagyi, I. Popa, M. Finessi, P. Sinha, P. Maroni, G. Papas-

tavrou, Adv. Colloid Interface Sci. 2012, 179 – 182, 85 – 98.
[28] S. Schçn, R. von Klitzing, Beilstein J. Nanotechnol. 2018, 9, 1095 – 1107.
[29] V. Vadillo-Rodriguez, J. R. Dutcher, Soft Matter 2009, 5, 5012 – 5019.
[30] L. M. Rebelo, J. S. de Sousa, J. Mendes Filho, M. Radmacher, Nanotech-

nology 2013, 24, 055102.
[31] A. Gim8nez, J. J. Uriarte, J. Vieyra, D. Navajas, J. Alcaraz, Microsc. Res.

Tech. 2017, 80, 85 – 96.
[32] P. H. Puech, K. Poole, K. D. Knebel, D. J. Muller, Ultramicroscopy 2006,

106, 637 – 644.
[33] J. Iturri, J. L. Toca-Herrera, Polymers 2017, 9, 383.
[34] L. G. Randles, R. W. Rounsevell, J. Clarke, Biophys. J. 2007, 92, 571 – 577.
[35] P. J. Cumpson, C. A. Clifford, J. F. Portoles, J. E. Johnstone, M. Munz,

Nano Sci. Technol. 2008, 8, 289 – 314.
[36] R. Ben&tez, S. Moreno-Flores, V. J. Boljs, J. L. Toca-Herrera, Microsc. Res.

Tech. 2013, 76, 870 – 876.
[37] R. Barattin, N. Voyer, Methods Mol. Biol. 2011, 736, 457 – 483.
[38] S. Senapati, S. Lindsay, Acc. Chem. Res. 2016, 49, 503 – 510.
[39] B. Schuler, G. Meyer, D. PeÇa, O. C. Mullins, L. Gross, J. Am. Chem. Soc.

2015, 137, 9870 – 9876.
[40] M. Rohwerder, F. Turcu, Electrochim. Acta 2007, 53, 290 – 299.
[41] E. Palacios-Lidjn, C. R. Henry, C. Barth, ACS Catal. 2014, 4, 1838 – 1844.
[42] W. Melitz, J. Shena, A. C. Kummel, S. Lee, Surf. Sci. Rep. 2011, 66, 1 – 27.
[43] T. Kouzeki, S. Tatezono, H. Yanagi, J. Phys. Chem. 1996, 100, 20097 –

20102.
[44] E. Smith, G. Dent in Raman Spectroscopy—A Practical Approach, Wiley,

Chichester, 2005, pp. 1 – 20.
[45] T. Deckert-Gaudig, D. Kurouski, M. A. B. Hedegaard, P. Singh, I. K.

Lednev, V. Deckert, Sci. Rep. 2016, 6, 33575.
[46] M. S. Dresselhaus, A. Jorio, M. Hofmann, G. Dresselhaus, R. Saito, Nano

Lett. 2010, 10, 751 – 758.
[47] R. Zhang, X. Zhang, H. Wang, Y. Zhang, S. Jiang, C. Hu, Y. Zhang, Y. Luo,

Z. Dong, Angew. Chem. Int. Ed. 2017, 56, 5561 – 5564; Angew. Chem.
2017, 129, 5653 – 5656.

[48] N. Kumar, M. N. Drozdz, H. Jiang, D. M. Santos, D. J. Vaux, Chem.
Commun. 2017, 53, 2451 – 2454.

[49] L. Gao, H. Zhao T. Li, P. Huo, D. Chen, B. Liu, Int. J. Mol. Sci. 2018, 19,
1193.

[50] I. Buchholz, P. Nestler, S. Kçppen, M. Delcea, Phys. Chem. Chem. Phys.
2018, 20, 26819 – 26829.

[51] P.-E. Milhiet, F. Gubellini, A. Berquand, P. Dosset, J.-L. Rigaud, C. Le Gri-
mellec, D. Levy, Biophys. J. 2006, 91, 3268 – 3275.

[52] A. Moreno-Cencerrado, J. Iturri, J. L. Toca-Herrera, Microsc. Res. Tech.
2018, 81, 1095 – 1104.

[53] T. D. Becke, S. Ness, S. Sudhop, H. E. Gaub, M. Hilleringmann, A. F. Schil-
ling, H. Clausen-Schaumann, J. Visualized Exp. 2018, 138, e58167.

[54] P. Parreira, Q. Shi, A. Magalhaes, C. A. Reis, J. Bugaytsova, T. Boren, D.
Leckband, M. C. L. Martins, J. R. Soc. Interface 2014, 11, 20141040.

[55] H. Yu, M. G. W. Siewny, D. T. Edwards, A. W. Sanders, T. T. Perkins, Science
2017, 355, 945 – 950.

[56] D. P. Cowcher, T. Deckert-Gaudig, V. L. Brewster, L. Ashton, V. Deckert, R.
Goodacre, Anal. Chem. 2016, 88, 2105 – 2112.

[57] R. Treffer, X. Lin, E. Bailo, T. Deckert-Gaudig, V. Decker, Beilstein J. Nano-
technol. 2011, 2, 628 – 637.

[58] J. H. Borrell, M. T. Montero, O. Domenech, Microsc. Res. Tech. 2017, 80,
4 – 10.

[59] J. D. Unsay, K. Cosentino, A. J. Garc&a-S#ez, J. Visualized Exp. 2015, 101,
e52867.

[60] K. H. Malinowska, T. Verdorfer, A. Meinhold, L. F. Milles, V. Funk, H. E.
Gaub, M. A. Nash, ChemSusChem 2014, 7, 2825 – 2831.

[61] R. R. Lahiji, X. Xu, R. Reifenberger, A. Raman, A. Rudie, R. J. Moon, Lang-
muir 2010, 26, 4480 – 4488.

[62] J. Hellwig, R.-M. P. Karlsson, L. W,gberg, T. Pettersson, Anal. Methods
2017, 9, 4019 – 4022.

[63] L. Muraille, V. Agui8-B8ghin, B. Chabbert, M. Molinari, Sci. Rep. 2017, 7,
44065.

[64] K. Casdorff, T. Keplinger, I. Burgert, Plant Methods 2017, 13, 60.
[65] S. El-Kirat-Chatel, A. Puymege, T. H. Duong, P. Van Overtvelt, C. Bressy, L.

Belec, Y. F. DufrÞne, M. Molmeret, Front. Microbiol. 2017, 8, 1399.
[66] E. Birkenhauer, S. Neethirajan, J. Visualized Exp. 2014, 93, e52327.
[67] M. Lekka, BioNanoSci. 2016, 6, 65 – 80.
[68] Y. M. Efremov, W.-H. Wang, S. D. Hardy, R. L. Geahlen, A. Raman, Sci. Rep.

2017, 7, 1541.
[69] V. Sundar Rajan, V. M. Laurent, C. Verdier, A. Duperray, Biophys. J. 2017,

112, 1246 – 1257.
[70] L. Xiao, Z. D. Schultz, Cancer Cell Microenviron. 2016, 3, e1419.
[71] H. Wang, Z. D. Schultz, ChemPhysChem 2014, 15, 3944 – 3949.
[72] J. L. Drury, D. J. Mooney, Biomaterials 2003, 24, 4337 – 4351.
[73] M. Mesch, C. Zhang, P. V. Braun, H. Giessen, ACS Photonics 2015, 2, 475 –

480.
[74] H. R. Culver, J. R. Clegg, N. A. Peppas, Acc. Chem. Res. 2017, 50, 170 –

178.
[75] Z. Drira, V. K. Yadavalli, J. Mech. Behav. Biomed. Mater. 2013, 18, 20 – 28.
[76] C. E. Harvey, E. M. van Schrojenstein Lantman, A. J. G. Manka, B. M.

Weckhuysen, Chem. Commun. 2012, 48, 1742 – 174.
[77] M. R. Nellist, F. A. L. Laskowski, J. Qiu, H. Hajibabaei, K. Sivula, T. W. Ha-

mannz, S. W. Boettcher, Nat. Energy 2018, 3, 46 – 52.
[78] A. Davoodi, J. Pan, C. Leygraf, S. Norgren, Electrochem. Solid-State Lett.

2005, 8, B21 – 24.
[79] M. R. Nellist, Y. Chen, A. Mark, S. Gçdrich, C. Stelling, J. Jiang, R. Poddar,

C. Li, R. Kumar, G. Papastavrou, M. Retsch, B. S. Brunschwig, Z. Huang,
C. Xiang, S. W. Boettcher, Nanotechnology 2017, 28, 095711.

[80] C.-S. Jiang, M. Yang, Y. Zhou, B. To, S. U. Nanayakkara, J. M. Luther, W.
Zhou, J. J. Berry, J. van de Lagemaat, N. P. Padture, K. Zhu, M. M. Al-
Jassim, Nat. Commun. 2015, 6, 8397.

[81] T. Su, H. Zhang, PLoS ONE 2017, 12, e0171050.
[82] M. Nonnenmacher, M. P. Oboyle, H. K. Wickramasinghe, Appl. Phys. Lett.

1991, 58, 2921 – 2923.
[83] R. M. Stçckle, Y. D. Suh, V. Deckert, R. Zenobi, Chem. Phys. Lett. 2000,

318, 131 – 136.
[84] M. S. Anderson, Appl. Phys. Lett. 2000, 76, 3130.
[85] https://www.parksystems.com/index.php/park-spm-modes/93-dielec-

tric-piezoelectric/232-kelvin-probe-force-microscopy-kpfm.

Manuscript received: October 15, 2018
Revised manuscript received: December 12, 2018

Accepted manuscript online: December 16, 2018
Version of record online: January 22, 2019

ChemSusChem 2019, 12, 603 – 611 www.chemsuschem.org T 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim611

Minireviews

https://doi.org/10.1006/jsbi.1998.4003
https://doi.org/10.1006/jsbi.1998.4003
https://doi.org/10.1006/jsbi.1998.4003
https://doi.org/10.1006/jsbi.1998.4003
https://doi.org/10.1116/1.576401
https://doi.org/10.1116/1.576401
https://doi.org/10.1116/1.576401
https://doi.org/10.1063/1.122948
https://doi.org/10.1063/1.122948
https://doi.org/10.1063/1.122948
https://doi.org/10.1016/j.surfrep.2005.08.003
https://doi.org/10.1016/j.surfrep.2005.08.003
https://doi.org/10.1016/j.surfrep.2005.08.003
https://doi.org/10.1016/S0006-3495(91)82180-4
https://doi.org/10.1016/S0006-3495(91)82180-4
https://doi.org/10.1016/S0006-3495(91)82180-4
https://doi.org/10.1016/j.cis.2012.06.005
https://doi.org/10.1016/j.cis.2012.06.005
https://doi.org/10.1016/j.cis.2012.06.005
https://doi.org/10.1016/j.cis.2012.06.005
https://doi.org/10.1016/j.cis.2012.06.005
https://doi.org/10.3762/bjnano.9.101
https://doi.org/10.3762/bjnano.9.101
https://doi.org/10.3762/bjnano.9.101
https://doi.org/10.1039/b912227c
https://doi.org/10.1039/b912227c
https://doi.org/10.1039/b912227c
https://doi.org/10.1088/0957-4484/24/5/055102
https://doi.org/10.1088/0957-4484/24/5/055102
https://doi.org/10.1002/jemt.22740
https://doi.org/10.1002/jemt.22740
https://doi.org/10.1002/jemt.22740
https://doi.org/10.1002/jemt.22740
https://doi.org/10.1016/j.ultramic.2005.08.003
https://doi.org/10.1016/j.ultramic.2005.08.003
https://doi.org/10.1016/j.ultramic.2005.08.003
https://doi.org/10.1016/j.ultramic.2005.08.003
https://doi.org/10.1529/biophysj.106.093690
https://doi.org/10.1529/biophysj.106.093690
https://doi.org/10.1529/biophysj.106.093690
https://doi.org/10.1002/jemt.22241
https://doi.org/10.1002/jemt.22241
https://doi.org/10.1002/jemt.22241
https://doi.org/10.1002/jemt.22241
https://doi.org/10.1007/978-1-61779-105-5_28
https://doi.org/10.1007/978-1-61779-105-5_28
https://doi.org/10.1007/978-1-61779-105-5_28
https://doi.org/10.1021/acs.accounts.5b00533
https://doi.org/10.1021/acs.accounts.5b00533
https://doi.org/10.1021/acs.accounts.5b00533
https://doi.org/10.1021/jacs.5b04056
https://doi.org/10.1021/jacs.5b04056
https://doi.org/10.1021/jacs.5b04056
https://doi.org/10.1021/jacs.5b04056
https://doi.org/10.1016/j.electacta.2007.03.016
https://doi.org/10.1016/j.electacta.2007.03.016
https://doi.org/10.1016/j.electacta.2007.03.016
https://doi.org/10.1021/cs500177h
https://doi.org/10.1021/cs500177h
https://doi.org/10.1021/cs500177h
https://doi.org/10.1016/j.surfrep.2010.10.001
https://doi.org/10.1016/j.surfrep.2010.10.001
https://doi.org/10.1016/j.surfrep.2010.10.001
https://doi.org/10.1021/jp962307j
https://doi.org/10.1021/jp962307j
https://doi.org/10.1021/jp962307j
https://doi.org/10.1021/nl904286r
https://doi.org/10.1021/nl904286r
https://doi.org/10.1021/nl904286r
https://doi.org/10.1021/nl904286r
https://doi.org/10.1002/anie.201702263
https://doi.org/10.1002/anie.201702263
https://doi.org/10.1002/anie.201702263
https://doi.org/10.1002/ange.201702263
https://doi.org/10.1002/ange.201702263
https://doi.org/10.1002/ange.201702263
https://doi.org/10.1002/ange.201702263
https://doi.org/10.1039/C6CC10226C
https://doi.org/10.1039/C6CC10226C
https://doi.org/10.1039/C6CC10226C
https://doi.org/10.1039/C6CC10226C
https://doi.org/10.3390/ijms19041193
https://doi.org/10.3390/ijms19041193
https://doi.org/10.1039/C8CP03234C
https://doi.org/10.1039/C8CP03234C
https://doi.org/10.1039/C8CP03234C
https://doi.org/10.1039/C8CP03234C
https://doi.org/10.1529/biophysj.106.087791
https://doi.org/10.1529/biophysj.106.087791
https://doi.org/10.1529/biophysj.106.087791
https://doi.org/10.1098/rsif.2014.1040
https://doi.org/10.1126/science.aah7124
https://doi.org/10.1126/science.aah7124
https://doi.org/10.1126/science.aah7124
https://doi.org/10.1126/science.aah7124
https://doi.org/10.1021/acs.analchem.5b03535
https://doi.org/10.1021/acs.analchem.5b03535
https://doi.org/10.1021/acs.analchem.5b03535
https://doi.org/10.3762/bjnano.2.66
https://doi.org/10.3762/bjnano.2.66
https://doi.org/10.3762/bjnano.2.66
https://doi.org/10.3762/bjnano.2.66
https://doi.org/10.1002/jemt.22655
https://doi.org/10.1002/jemt.22655
https://doi.org/10.1002/jemt.22655
https://doi.org/10.1002/jemt.22655
https://doi.org/10.1002/cssc.201402428
https://doi.org/10.1002/cssc.201402428
https://doi.org/10.1002/cssc.201402428
https://doi.org/10.1021/la903111j
https://doi.org/10.1021/la903111j
https://doi.org/10.1021/la903111j
https://doi.org/10.1021/la903111j
https://doi.org/10.1039/C7AY01219E
https://doi.org/10.1039/C7AY01219E
https://doi.org/10.1039/C7AY01219E
https://doi.org/10.1039/C7AY01219E
https://doi.org/10.1007/s12668-016-0191-3
https://doi.org/10.1007/s12668-016-0191-3
https://doi.org/10.1007/s12668-016-0191-3
https://doi.org/10.1016/j.bpj.2017.01.033
https://doi.org/10.1016/j.bpj.2017.01.033
https://doi.org/10.1016/j.bpj.2017.01.033
https://doi.org/10.1016/j.bpj.2017.01.033
https://doi.org/10.1002/cphc.201402466
https://doi.org/10.1002/cphc.201402466
https://doi.org/10.1002/cphc.201402466
https://doi.org/10.1016/S0142-9612(03)00340-5
https://doi.org/10.1016/S0142-9612(03)00340-5
https://doi.org/10.1016/S0142-9612(03)00340-5
https://doi.org/10.1021/acsphotonics.5b00004
https://doi.org/10.1021/acsphotonics.5b00004
https://doi.org/10.1021/acsphotonics.5b00004
https://doi.org/10.1021/acs.accounts.6b00533
https://doi.org/10.1021/acs.accounts.6b00533
https://doi.org/10.1021/acs.accounts.6b00533
https://doi.org/10.1016/j.jmbbm.2012.09.015
https://doi.org/10.1016/j.jmbbm.2012.09.015
https://doi.org/10.1016/j.jmbbm.2012.09.015
https://doi.org/10.1039/c2cc15939b
https://doi.org/10.1039/c2cc15939b
https://doi.org/10.1039/c2cc15939b
https://doi.org/10.1038/s41560-017-0048-1
https://doi.org/10.1038/s41560-017-0048-1
https://doi.org/10.1038/s41560-017-0048-1
https://doi.org/10.1149/1.1911900
https://doi.org/10.1149/1.1911900
https://doi.org/10.1149/1.1911900
https://doi.org/10.1149/1.1911900
https://doi.org/10.1088/1361-6528/aa5839
https://doi.org/10.1371/journal.pone.0171050
https://doi.org/10.1063/1.105227
https://doi.org/10.1063/1.105227
https://doi.org/10.1063/1.105227
https://doi.org/10.1063/1.105227
https://doi.org/10.1016/S0009-2614(99)01451-7
https://doi.org/10.1016/S0009-2614(99)01451-7
https://doi.org/10.1016/S0009-2614(99)01451-7
https://doi.org/10.1016/S0009-2614(99)01451-7
https://doi.org/10.1063/1.126546
https://www.parksystems.com/index.php/park-spm-modes/93-dielectric-piezoelectric/232-kelvin-probe-force-microscopy-kpfm
https://www.parksystems.com/index.php/park-spm-modes/93-dielectric-piezoelectric/232-kelvin-probe-force-microscopy-kpfm
http://www.chemsuschem.org

