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Atomic force microscope (AFM) was developed in 1985 by Binnig and
Quate at IBM San Jose Research Laboratory, Stanford and Gerber
(Binnig, Quate, & Gerber, 1986). It is a member of the family of scanning
probe microscopes, which analyze the surface characteristics based on a
variety of tip—sample interactions. Generally, AFM uses a sharp nanoscale
tip to sense the surface characteristics (topographical, mechanical, electri-
cal, and magnetic information) or to manipulate surface substances of a
sample of interest at nanoscale (Collins, Liu, Ovchinnikova, & Proksch,
2019; Dufréne et al., 2017; Gross et al., 2018; Krieg et al., 2019; Pavlicek
& Gross, 2017). AFM has been widely applied in the field of materials,
energy, biology, chemistry, physics, medicine, etc. (Bellon, 2020; Chen &
Xu, 2020; Efremov, Okajima, & Raman, 2020; Kiio & Park, 2020; Li,
Liu, Yuan, & Huang, 2021; Li, Xi, Wang, & Liu, 2021; Liu & Vancso,
2020; Nandi & Ainavarapu, 2021; Si et al., 2020; Yadavalli & Ehrhardt,
2021). Moreover, with the boom in nanotechnology, AFM will attract
more and more attention in the scientific and engineering fields due to its
advantages such as multifunction and high resolution.

In the field of biology, AFM has been widely applied to image bio-
molecule structures (Kuchuk & Sivan, 2018; Main et al., 2021) and the
morphologies of biological aggregates (Ma et al., 2013; Nievergelt,
Banterle, Andany, Gonczy, & Fantner, 2018; Zhong & He, 2012) to ana-
lyze the effects of processing conditions on biological substances (Zhong
et al., 2015; Zhong, Ma, et al., 2014), to observe biological dynamic pro-
cess in liquid (Uchihashi & Scheuring, 2018; Zhong et al., 2007, 2009;
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Zhong, 2011), to measure the force of biomolecular interaction (Martines
et al., 2012; Sapra, Spoerri, Engel, Alsteens, & Miiller, 2019), to manipu-
late biomolecules (Fukui et al., 2018; Zhao, Liu, & Gao, 2018), to analyze
cell nanomechnics (Kilpatrick, Revenko, & Rodriguez, 2015; Zhou,
Zhang, Tang, Yu, & Galluzzi, 2021), and to mechanically fabricate 3D
bionanostructures (Zhong et al., 2013; Zhong, Sun, & He, 2014). Thus,
AFM has proven to be a powerful technique for the studies of biological
processes and biological nanomaterials.

AFM has been successfully and broadly explored in the field of food
science and technology (Gunning & Morris, 2018; Jones, 2016; Obeid &
Guyomarc’h, 2020; Wen, Xu, Liu, Corke, & Sui, 2020; Zhong, Finglas,
Wang, & Wang, 2019). Foods and their production processes can be con-
sidered as typical biological nanomaterials and biological processes. With
more research going into food science, the use of AFM has been
expanded to analyzing different food samples ranging from the smallest
biomolecules such as food proteins (Shi, He, Ding, Wang, & Zhong,
2019a,b), food carbohydrates (Wang & Nie, 2019), and food toxins
(Alexander Reese & Xu, 2019) to food-related microorganisms and
pathogens (Kuda, Shibata, Takahashi, & Kimura, 2015; Liu & Yang,
2019) and food cell wall structures (Posé et al., 2019) to all the way up to
food materials (Cardenas-Pérez et al., 2019), food packaging materials
(Marinello, La Storia, Mauriello, & Passeri, 2019), and food emulsion
(Ho, Abik, & Mikkonen, 2022). Hence, AFM has also proven to be a
powerful technique for the studies of food production processes and food
analyses.

As an increasingly popular nanotechnological tool, AFM has many
advantages for food research. (1) AFM has many primary (e.g., contact,
noncontact, and tapping) and secondary (e.g., phase imaging and deflec-
tion) imaging modes for sample surface analysis (Zhong & Yan, 2016),
which are useful for analyzing many properties of food substances. (2)
Compared with optical imaging techniques (e.g., general optical micros-
copy and fluorescence microscopy), AFM has higher spatial resolution (Z
direction: subnanometer scale; X—Y direction: nanometer scale), and so
the substructures of food substances can be observed (Fukuma, 2020). (3)
Compared with electron imaging techniques (e.g., scanning electron
microscopy and transmission electron microscopy), the sample preparation
of AFM does not require complicated preparations or chemical modifica-
tions, which might result in possible artifacts. (4) Compared with other
imaging techniques, AFM images the samples in a true three-dimensional
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surface profile way, which can be applied to measure the height of the
food substances and the surface roughness of food tissues and materials. (5)
The samples can be analyzed in atmosphere and liquid environments (no
need of dehydration like other electron microscopy imaging techniques),
which is useful for analyzing the behaviors of food substances in simulated
working and physiological conditions. (6) The samples can be analyzed in
some special environments (e.g., vacuum, cryo, and controlled humidity
and temperature), which is useful for analyzing the behaviors of food sub-
stances in simulated food processing and storage conditions (Zhao, Kristi,
& Ye, 2021). (7) The samples can be in situ observed by normal and
high-speed AFM, which is useful for obtaining a nanoscale topographic
“movie” of the nanomaterial-related food processing and preservation
processes. (8) AFM can be combined with other techniques such as optical
microscopy (Gomez-Varela et al., 2020; Miranda et al., 2021), infrared
spectroscopy (Dazzi & Prater, 2017), Raman (Fernandes, Mareau, &
Gonon, 2018; Prats-Mateu & Gierlinger, 2017), mass spectrometry
(Thiruvallur Eachambadi et al., 2021), and X-ray technique (Slobodskyy
et al., 2015) to simultaneously analyze the different samples of interests.
(9) AFM can be applied to measure the force—distance curves when AFM
tip approaches to and retracts from the sample surfaces, which is useful for
analyzing single-molecule interaction and nanomechanical properties of
food materials (Alexander Reese & Xu, 2019; Cardenas-Pérez et al.,
2019). (10) AFM can be used as a mechanical nanomachining tool to
manipulate and fabricate biological samples (Pavlicek & Gross, 2017,
Zhao et al., 2018), which is useful for analyze the behaviors of food sub-
stances during mechanical processing. Due to these specific advantages,
AFM will undoubtedly attract the attention of food scientists and engi-
neers in the future.

It should be noted that the application of AFM for food research has
several disadvantages: (1) The poor temporal resolution (in minute range)
of normal AFM greatly limits their application in biological research. To
overcome these limitations, scientists have tried to develop high-speed
AFM (Feuillie et al., 2020; Jiao, Cannon, Lin, Gladfelter, & Scheuring,
2020) and large-scan area high-speed AFM (Marchesi et al., 2021), which
increases the temporal resolution to milliseconds. In addition, commercial
high-speed AFMs have been developed recently. (2) Sample height com-
pression effect may occur because of the elastic deformation of biological
samples (Zhong & Yan, 2016) and the measured heights are lower than
the real heights of biological samples. (3) Tip-broadening effect may occur



6 Fundamentals and Application of Atomic Force Microscopy for Food Research

because of the tip—sample convolution (Yuan, Liang, Liang, Pang, & Jia,
2021), and the measured widths are larger than the real widths of biologi-
cal samples. (4) Under liquid, the possible electrostatic repulsion between
AFM tip and the sample surface may affect the AFM tip approach and
retract process, which, in turn, may affect the measurement of the real
morphology of biological samples (Miller & Engel, 1997; Zhong et al.,
2010). We should be careful in eliminating the possible electrostatic repul-
sion by optimizing the liquid conditions such as the ionic strength. (5) It
results in many possible image artifacts during the AFM operation process,
which should be minimized to obtain reliable data.

We suggest food scientists and engineers to master the basic knowl-
edge of AFM prior to using it. AFM is a very professional instrument and
the operators should be very careful during the AFM work process.
Thorough learning and training are imperative for new users. There is a
steep learning curve for new users who hope to master AFM application.
There are several books published on AFM application for biologists such
as Atomic force microscopy in cell biology (Wilson, Matsudaira, Jena, &
Horber, 2002), Atomic force microscopy for biologists (Morris, Kirby, &
Gunning, 2009), Atomic force microscopy in biomedical research: methods and
protocols (methods in molecular biology) (Braga & Ricci, 2011), Atomic force
microscopy in nanobiology (Takeyasu, 2014), Cellular analysis by atomic force
microscopy (Lekka, 2017), and Atomic force microscopy in molecular and cell biol-
ogy (Cai, 2018). The interested readers could read these books for more
detail. However, until now, no such book has systematically described the
application of AFM for food research.

The purpose of this book is to introduce the reader to the fundamen-
tals of application of AFM for food research. The book consists of three
parts: Part I: Introduction of AFM for food research (Chapter 1); Part II:
Fundamentals of AFM for food research (Chapters 2—3); and Part III:
Application of AFM for food research (Chapters 4—10). Chapter 1 mainly
discusses why this book is indispensable for the food community.
Chapter 2 introduces the basic principles of AFM. Chapter 3 describes the
operation procedure of AFM. Chapters 4—8 presente the application of
AFM for food proteins, food polysaccharides, food microorganisms, food
foams and emulsions, and food powders and contact materials, respec-
tively. Chapter 9 introduces AFM nanomechanics for food research.
Chapter 10 discusses current and potential integration of AFM with other
techniques for food science. This book does not discuss AFM application
for food cells and tissues because very few studies have been published on
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these two topics so far. The interested readers could read the books men-
tioned in the above paragraph or reviews on AFM application for biologi-
cal cells (Bitler, Dover, & Shai, 2018; Chtcheglova & Hinterdorfer, 2018;
Guillaume-Gentil et al., 2014; Kasas, Stupar, & Dietler, 2018; Sokolov,
Dokukin, & Guz, 2013) and tissues (Han et al., 2017; Stylianou, Lekka, &
Stylianopoulos, 2018). In summary, this book serves as a guide for under-
standing the application of AFM for food research. It can facilitate in
understanding AFM application easily and thus shortening the learning
time for new hands.

The target audience of this book is broad. This book is ideal for pro-
fessional food scientists and engineers who are interested in food formula-
tion and structuration. It is also ideal for AFM operators in instrumental
analysis centers who are required to measure and analyze food samples. In
addition, it is ideal for students pursuing undergraduate and postgraduate
courses on food structures. It may also prove useful for AFM developers
and application experts who want to develop and popularize AFM in the
field of food science and technology.
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