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a  b  s  t  r  a  c  t

The  present  review  details  the methods  used  for the  measurement  of  cells  and  their exudates  using  atomic
force microscopy  (AFM)  and  outlines  the  general  conclusions  drawn  by  the  mechanical  characterization  of
biological  materials  through  this  method.  AFM  is a  material  characterization  technique  that  can  be  oper-
ated  in  liquid  conditions,  allowing  its use  for the  investigation  of  the  mechanical  properties  of biological
materials  in  their  native  environments.  AFM  has  been  used  for the  mechanical  investigation  of  proteins,
nucleic  acids,  biofilms,  secretions,  membrane  bilayers,  tissues  and  bacterial  or eukaryotic  cells;  however,
comparison  between  studies  is  difficult  due  to variances  between  tip  sizes  and  morphologies,  sample
fixation  and immobilization  strategies,  conditions  of measurement  and  the  mechanical  parameters  used
for  the  quantification  of  biomaterial  response.  Although  standard  protocols  for the  AFM investigation
of  biological  materials  are  limited  and  minor  differences  in measurement  conditions  may  create  large

discrepancies,  the  method  is  nonetheless  highly  effective  for  comparatively  evaluating  the mechanical
integrity  of  biomaterials  and  can  be used  for the  real-time  acquisition  of  elasticity  data  following  the
introduction  of  a chemical  or mechanical  stimulus.  While  it is  currently  of limited  diagnostic  value,  the
technique  is also  useful  for  basic  research  in  cancer  biology  and  the  characterization  of  disease  progression
and  wound  healing  processes.
©  2016  Elsevier  Ltd.  All  rights  reserved.
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. Introduction
to internal or external regulatory cues (Ricca et al., 2013; Johnson,
2013). In unicellular organisms, such signals may  assist in feed-
Both uni- and multicellular organisms coordinate their behavior
sing a network of chemical, electrical and mechanical signals, and
mploy a variety of sensory mechanisms to perceive and respond

∗ Corresponding author.
E-mail address: atekinay@bilkent.edu.tr (A.B. Tekinay).
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968-4328/© 2016 Elsevier Ltd. All rights reserved.
ing, attracting conspecifics, synchronizing reproductive cycles or
initiating defense mechanisms in a hostile environment (Dufour
and Levesque, 2013); while multicellular life utilizes cell signal-
ing networks to regulate cell recruitment, adhesion, differentiation,

proliferation and death (Watt and Huck, 2013; Ravichandran, 2003;
Zoranovic et al., 2013; Jaenisch and Bird, 2003; Owens and Wise,
1997). As the latter category of processes are integral to sustain
complex life, the characterization of regulatory signals is of great
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mportance to the medical and biological sciences, and much work
as been performed to elucidate the links between environmen-
al cues and cellular processes (Ando et al., 2013; Carvalho et al.,
013; Dorobantu et al., 2012). However, while the chemical and
iological environment of cells are relatively well-defined, the
echanical properties of cells and their immediate environment

re investigated only to a lesser degree; partly because of the high
omplexity and variability of the mechanical interactions exhibited
y cells and partly due to limitations associated with the high-
esolution mechanical probing of cell surfaces and interiors (Cohen
nd Kalfon-Cohen, 2013). Nonetheless, considerable effort has been
pent to establish how cells perceive and act upon the physical char-
cteristics of nearby substrates (Shao et al., 1996), and to determine
ow the mechanical properties of cells and tissues are altered in
esponse to disease state or environmental factors, using material
haracterization tools such as magnetic twisting cytometry, optical
weezers, microneedle probes, scanning acoustic microscopy and
tomic force microscopy (Neuman and Nagy, 2008).

Atomic force microscopy (AFM) is a characterization tool that
easures the topology and material properties of surfaces by

ecording the deflection of a metallic probe (or “tip”) as it moves
ver the target surface. AFM can be operated under three princi-
al modes: In contact mode, the tip is dragged directly over the
urface and deflects away due to a repulsive Coulombic interac-
ion, while in non-contact mode it is held at a short (typically
100 nm)  distance over the sample and oscillates at a frequency
hat depends on the attractive van der Waals forces acting upon
t. In tapping or intermittent contact mode, the tip is kept oscil-
ating above the sample, and the oscillation frequency changes as
he tip approaches the surface at regular intervals (Giessibl, 2003).
ontact and intermittent modes are particularly suitable for the
robing of biological samples, due to their applicability in liquid
edia (Danino, 2008). Despite considerable losses in resolution, a

iquid sample environment allows cellular imaging in a native (or
seudo-native) environment and, more importantly, permits the
irect investigation of mechanical changes on a live cell surface in
esponse to an introduced stimulus (Liu et al., 2005). Time-lapse
lastographs taken in this fashion have been utilized for a diverse
rray of applications, including to visualize the formation of amy-
oid (Harper et al., 1997) or collagen (Revenko et al., 1994) fibers
nder different environmental conditions, determine how mem-
rane integrity is altered in the presence of antibiotics (Fantner
t al., 2010a), or record the production and dissolution of cytoskele-
al elements during cell movement (Rotsch and Radmacher, 2000).
n addition, it is possible to utilize the AFM tip as a stimulus to
licit a response from the target cell, and the probe itself can be
unctionalized with ligand molecules to determine the affinity of
he cell membrane to a particular biological moiety.

Due to the versatility and potential application areas of AFM,
he technique has attracted substantial interest in biomechanical
esearch, and has been used in the characterization of a great vari-
ty of tissues, cells and sub-cellular structures in both live condition
nd following fixing and drying. The present review aims to cover
hose studies that focus on the differences in mechanical properties
ssociated with pathological conditions or changes in environmen-
al cues, and emphasizes the importance of the mechanical Umwelt
n modulating the behavior of both single-celled and multicellular
ystems.

. Effect of probe morphology, composition and surface
hemistry
Before discussing the AFM imaging of biological materials, the
mportance of AFM tip choice should be underlined. The diame-
ers, materials, morphologies and cantilever lengths of commercial
 89 (2016) 60–76 61

AFM probes show considerable variance, and optimal performance
requires the use of a probe conductive to the task at hand. The com-
position of the sample material should be taken into consideration
to choose the spring constant of the AFM probe, as softer materials,
such as cells, may  be damaged over repeated contact with the AFM
tip (Costa, 2003). In addition, depending on the area to be scanned,
it may  be desirable to increase or decrease the tip diameter. Larger
tips are associated with lower resolution, but can be utilized to scan
larger sample areas without compromising tip integrity, as sharper
tips may  experience significant wear over long scanning distances,
such as when scanning cells. On the other hand, sharper tips are
capable of resolving smaller features to a greater extent, which is
invaluable when measuring proteins and other nanoscale biolog-
ical materials. Consequently, differences in material stiffness that
are evident under nanoscale investigation may be unmeasurable
using microscale tips (Stolz et al., 2009a). If adhesion data is to be
collected, the material and morphology of the AFM tip (alongside
substrate properties) also determines the suitable model for use in
elasticity calculations (Fig. 1).

AFM probes can also be functionalized in order to characterize
the interaction between two specific types of biological moieties,
such as between a receptor and its ligand. This type of interaction
is best exemplified by biotin and avidin, used by Colton et al. in
their hallmark paper to illustrate the possibility of using AFM to
directly evaluate the strength of molecular interactions (Lee et al.,
1994). Mechanical properties of a wide variety of proteins have now
been elucidated, including the interactions between antibodies and
their corresponding antigens (Allen et al., 1997), actin and myosin
(Kodera et al., 2010), osteopontin and integrin (Lee et al., 2007), and
various cell adhesion proteoglycans (Dammer et al., 1995). Such
proteins can either be covalently tethered to the target material
(Ebner et al., 2007; Kamruzzahan et al., 2006) or attached by drying
the protein sample on the surface (Florin et al., 1995). In addition,
the mechanical strength of the constituent domains of a single pro-
tein can be evaluated by attaching that protein to a surface and
using the AFM tip to stretch it (Li et al., 2003). This results in the
gradual unfolding of the protein, and the unwinding of each domain
is associated with a momentary drop in force. Tensile characteris-
tics of the immunoglobulin and fibronectin III domains of titin were
investigated using this method (Rief et al., 1998), and the ability of
the bacterial ribonuclease barnase to withstand force was  likewise
evaluated by incorporating this protein into a chimeric construct
consisting of four TI I27 and three barnase subunits (Best et al.,
2001).

DNA and RNA can also be immobilized and characterized in a
similar manner, and the mechanical investigation of DNA molecules
of varying lengths and configurations has been performed using
AFM (Mao  et al., 1999; Hansma et al., 1995). In addition to the
determination of covalent bond strength in ssDNA or dsDNA, it is
also possible to evaluate the strength of the bonds between com-
plementary strands in a short dsDNA piece, or to determine the
forces necessary to stretch an intact DNA molecule (Hansma et al.,
1996). High-resolution AFM imaging can also be used to character-
ize the physical structure of a DNA helix (Fig. 2), and more complex
DNA architectures and DNA – protein interactions can be visualized
and characterized using atomic force microscopy. Yaneva et al., for
example, confirmed that DNA-dependent protein kinase (DNA-PK)
can bind to DNA without the assistance of Ku proteins, and that the
latter shows a time-dependent preference for strand ends, by visu-
alizing DNA-Ku and DNA-DNA-PK interactions using AFM (Yaneva
et al., 1997). The affinity between cells and specific proteins can also
be assessed by indenting the cell of interest with an AFM tip func-

tionalized with the protein of interest (Han et al., 1995). Gaub et al.
reported a method to distinguish between individual red blood cell
origins in a mixture of A- and O-group erythrocytes, using an AFM
tip functionalized with Helix pomatia lectin (Grandbois et al., 2000).
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Fig. 1. Comparison of micro- and nanoindentation for the identification of changes asso
detect no difference between 1, 10 and 19-month old individuals, while nanoindentatio
with  age. Replicated with permission from Stolz et al. (2009b).

Fig. 2. AFM topography of a plasmid, showing the general appearance of the DNA
helix under varying peak forces (a–d). Minor and major grooves can be observed
in AFM images (a–d, insets), and the DNA structure can be compressed under high
peak forces (e, f). White arrow denotes a dislocation in a plasmid loop created by
h

T
t
i

mobility otherwise makes it impossible to image, and even ses-
sile bacteria can be laterally pushed by the AFM tip (Doktycz et al.,
igh  load forces. Replicated with permission from Pyne et al. (2014).

his lectin displays strong affinity to glycolipids that are present in

he membranes of A-group but not O-group erythrocytes, resulting
n higher rupture forces associated with the former. The differences
ciated with aging in the cartilage of C57BL/6 mice. Microindentation results could
n was  able to determine that the cartilage elasticity of non-arthritic mice changes

in adhesive forces are then utilized to create a map  where individual
A- and O-group cells can be identified.

3. Atomic force microscopy of unicellular organisms

A representative selection of AFM studies on the stiffness char-
acterization of bacteria, yeasts and cellular secretions is provided
in Table 1. It is readily evident that several means of sample prepa-
ration are available for measurement, and that values such as
tip-sample adhesion, F-d curve slopes and cellular spring constants
can all be used to compare the mechanical integrities of biological
samples; consequently, only these studies detailing the full range
of measurement conditions were included into the table. Both air
and liquid imaging have been performed for mechanical investi-
gations; however, biological materials are often viscoelastic and
may  display large changes in elastic behavior depending on envi-
ronmental humidity. As such, samples in air tend to have much
larger Young’s moduli compared to samples imaged in liquids (e.g.
a 10-fold difference was observed in between the elastic moduli of
air-dried and rehydrated murine sacculi from Escherichia coli (Yao
et al., 1999)). Given the differences in measurement techniques
and sample preparation methods, as well as the natural variance
in the material properties of bacterial cells and their secretions, it
is usually preferable to compare results within studies rather than
assuming a given stiffness value will apply under other experimen-
tal conditions.

3.1. Bacterial cell surfaces

Unlike many vertebrate cell lines, bacterial cells are not depen-
dent on a highly specific set of environmental conditions to survive,
and can tolerate extended AFM imaging sessions without detrimen-
tal effects (Raman et al., 2011; Francius et al., 2008). Their ease of
procurement, non-demanding growth conditions and the fact that
many laboratory species either are, or serve as models for, common
pathogens make bacteria popular targets for AFM imaging. Bacte-
ria must be immobilized prior to imaging in liquid media, as their
2003). Immobilization can be performed by drying and rehydrating,
electrostatic binding to a positively charged surface (e.g. gelatin or
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Table 1
Mechanical characterization of membranes, secretions and single-celled organisms by AFM.

Sample Tip properties Imaging conditions Elastic properties Reference

Sulfate-reducing bacteria Silicon nitride, k = 0.06 N/m (nominal) Contact mode, air, sample on mica (Adhesion) −3.9 to −4.3 nN at cell surface, −5.1
to −5.9 nN at cell-substrate boundary, −6.5 to
−6.8  nN at cell–cell boundary

Fang et al. (2000)

Enteroaggregative Escherichia coli,
wild-type and dispersin mutant

Silicon, k = 2.8 N/m (nominal) Contact mode, liquid (distilled water) and air,
sample on gelatin-treated mica

(F-d slope) 0.133 for wild-type strain on agar,
0.069 for wild-type strain in broth, 0.81 for
dispersin mutant on agar, 0.78 for dispersin
mutant in broth

Beckmann et al. (2006)

Bacillus subtilis, Micrococcus luteus,
Pseudomonas putida,  two strains of
Escherichia coli

Silicon nitride, k = 0.32 N/m (nominal) Contact mode, liquid (HM buffer), sample on
APTES coverslip

(Spring constant) varies between 0.16 ± 0.01 to
0.41 ± 0.01, higher in Gram-positive cells

Volle et al. (2008)

Pseudomonas aeruginosa Silicon nitride and silicon nitride with silicon
oxide tips, k = 0.07 ± 0.01 (calibrated by the
thermal method)

Contact mode, liquid (milliQ water), sample on
poly-l-lysine-coated glass

(Spring constant) 0.044 ± 0.002 N/m for
unfixed, 0.11 ± 0.03 N/m for
glutaraldehyde-fixed cells; creep deformation
behavior also investigated

Vadillo-Rodriguez et al. (2008)

Klebsiella terrigena Silicon nitride, k = 0.06 N/m (nominal) Contact mode, liquid (potassium phosphate
buffer at pH 6.8), sample on polycarbonate
membrane filter/poly-l-lysine-coated
glass/immobilized on tip by gluteraldehyde
fixation

(Adhesion) −0.26 ± 0.05 nN for membrane
filter, −0.5 ± 0.2 for poly-l-lysine, −35 ± 2 nN
for gluteraldehyde fixation, other adhesion
parameters also measured

Vadillo-Rodrigues et al. (2004)

Two Streptococcus salivarius strains Silicon nitride, k = 0.03 N/m (nominal) Contact mode, liquid (deionized water or 0.1 M
KCl  solution), sample on polycarbonate
membrane filter

(Adhesion and repulsion) Fibrillated strain
shows a larger repulsion range, interpreted to
reflect the layer of fibrils; retraction results in
three adhesion forces potentially
corresponding to three different lengths of
fibrils observed by electron microscopy

van der Mei  et al. (2000)

Desulfovibrio desulfuricans,
Pseudomonas sp. and an
unidentified local marine isolate

Silicon nitride, k = 0.12 ± 0.02 N/m (calibrated
by the thermal method)

Contact mode, liquid (artificial seawater),
sample coated on tip and brought into
interaction with metals

(Adhesion) All three isolates adhere to
aluminum better than mild steel, stainless
steel 316 and copper; Desulfovibrio and
Pseudomonas adhere better than the marine
isolate.

Sheng et al. (2007)

B. mycoides Silicon, k = 0.064 N/m and 0.4 N/m Contact mode (constant height), liquid
(0.145 M NaCl), sample coated on tip and
brought into interaction with glass

(Adhesion) 7.4 ± 3.7 nN of adhesion to
hydrophilic glass surface, 49.5 ± 14.42 nN of
adhesion to hydrophobic-coated glass surface

Bowen et al. (2002)

Marine bacterial depositions Silicon, k = 45.7 N/m (calibrated by the added
mass method)

Tapping mode, air, sample deposited on
fluoridated and non-fluoridated polyurethane

(Young’s modulus) between 1.5 and 2.2 GPa Bakker et al. (2003)

Bacterial depositions, suspected to
be extracellular polymeric
substances

Silicon nitride, k varies from 0.03 to 0.5 N/m
(nominal)

Contact mode, liquid (MilliQ water), sample
deposited on polystrene

(Adhesion) Forces of 0.8 ± 0.2 nN observed over
bare polystyrene, as opposed to 0.2 ± 0.2 nN
after cell attachment

van der Aa and Dufrene (2002)

P. aeruginosa pili Silicon nitride, 0.008 ± 0.004 N/m Contact mode, liquid (water), sample attached
to  poly-l-lysine-coated tips and brought into
interaction with mica surface

(Adhesion) Rupture forces of 95 pN during
retraction.

Touhami et al. (2006)

E. coli biofilms Silicon nitride, k = 0.07-0.4 N/m Contact mode, air, sample deposited on glass (Adhesion) Pull-off forces of 122.65 pN for
cell-tip interaction and 51.79 pN for glass-tip
interaction

Oh et al. (2007)

Bacterial cellulose fibers Silicon nitride k = 1.03 ± 0.05 N/m (calibrated
by the thermal method, nominal k of 0.5 N/m
not used due to large discrepancy)

Contact mode, air, sample on silicon
nitride-coated silicon grating

(Young’s modulus) 78 ± 17 GPa Guhados et al. (2005)

E. coli and E. coli spheroplasts Silicon nitride, k = 0.1 and 0.01 N/m (nominal,
actual spring constants calibrated by the
thermal method)

Contact mode, liquid (TBS2 buffer), sample on
APTES/Glut mica

(Spring constant) 0.194 N/m for intact cells,
0.571 N/m for fixed spheroplasts

Sullivan et al. (2007)

Saccharomyces cerevisiae Silicon nitride, k = 0.008 ± 0.4 N/m (calibrated
by the thermal method)

Contact mode, liquid (milliQ water), sample on
polycarbonate membrane filter

(Young’s modulus) 6.1 ± 2.4 MPa  on bud scar,
0.6 ± 0.4 MPa  on surrounding cell wall

Touhami et al. (2003)

Aspergillus nidulans Silicon nitride, k = 0.47 ± 0.06 N/m (calibrated
by the thermal method)

Contact mode, liquid (PBS), sample on
poly-l-lysine-coated glass

(Spring constant and Young’s modulus)
0.29 ± 0.02 N/m and 110 ± 10 MPa  for
wild-type hyphae in complete medium,
decreases for mutant strain lacking a chitin
synthesis gene, as well as in the presence of
0.6 M KCl.

Zhao et al. (2005)
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oly-l-lysine), entrapment in adhesive proteins, covalent binding
o amino- or carboxyl-functionalized surfaces or by physical con-
nement in microwells or porous membranes (Doktycz et al., 2003;
uo et al., 2008). It should be kept in mind that the immobilization
ethod may  alter the surface properties of the entrapped cells, e.g.

y directly altering the bacterial surface chemistry or triggering a
efense mechanism against the environmental stresses associated
ith the immobilization technique. Due to the small sizes of bacte-

ia, it is also possible to functionalize AFM tips with bacterial cells,
hich can then be used to test the interaction between the bac-

erium and material surfaces. Ting et al., for example, used such tips
o show that the Gram-negative bacteria Massilia timonae and Pseu-
omonas aeruginosa adhere better to stainless steel surfaces than
oes the Gram-positive Bacillus subtilis (Harimawan et al., 2011).

AFM studies of bacteria frequently focus on the mechanisms by
hich certain molecules inhibit the growth of pathogens. Many

ntibiotics (e.g. beta-lactam antibiotics, polymyxins and glycopep-
ide antibiotics) act by inhibiting the synthesis of bacterial cell walls
r membranes, and thereby alter the membrane integrity of the
ffected bacteria. Other antibiotic-mediated effects, such as mem-
rane thinning (Mecke et al., 2005) or pore formation (Muller et al.,
999), can also be observed by AFM, and the effects of less con-
entional antibiotics, such as plant extracts (Perry et al., 2009) and
eptide sequences (da Silva and Teschke, 2005; Meincken et al.,
005), can also be assessed (Fig. 3). The antimicrobial peptide PGLa
as been demonstrated to lower the stiffness of Escherichia coli
embranes and create micelle-like structures around cell mem-

ranes prior to their eventual rupture, while garlic extract was  also
ssociated with membrane disruption. Chitosan and chitooligosac-
harides (COSs) were also tested for their antimicrobial effect on
. coli and Staphylococcus aureus,  and the thick peptidoglycan wall of
. aureus was found to allow this bacterium to better retain its over-
ll morphology, despite experiencing a significant decrease in cell
igidity (Fernandes et al., 2009). While the effects of antibacterial
olecules may  be apparent even under dry imaging, it is also possi-

le to quantify the resulting changes in a time-dependent manner
y characterizing the mechanical properties of bacterial cells in liq-
id before and after introducing the antibiotic in question into the
edium (Fantner et al., 2010a). This technique has the advantage of

nsuring that the changes observed are fully due to the antibiotic, as
pposed to a combination of it and the drying process, as bacterial
ell walls are viscoelastic and may  greatly alter their mechanical
roperties in response to relative humidity (Thwaites and Surana,
991).

A  variety of subcellular elements can also be identified on mem-
rane surfaces using AFM. Both bacterial and eukaryotic cells can
e used in these efforts, and lipid bilayers can be substituted as
implified models of cell membranes (Butt et al., 1990; Kuznetsov
nd McPherson, 2011). The structure and function of membrane
roteins (Butt et al., 1990; Fotiadis et al., 2003; Yuan et al., 2002),
ore complexes (Stoffler et al., 1999), gap junctions (Lal and John,
994), amyloid aggregates (Connelly et al., 2012) and a variety of
embrane-component lipids (Gyorvary et al., 2003a), as well as

he mode of action of cholera toxin (Mou  et al., 1995), were inves-
igated by atomic force microscopy. Of particular interest are the
ecent developments in AFM-based rapid, high-resolution imaging
ethods, which have granted substantial insight into the nature

f small surface elements. Processes such as the self-assembly of
acterial S-layer proteins (Gyorvary et al., 2003b), protein fold-

ng (Muller et al., 2002), misfolding (Oberhauser et al., 1999) and
rystallization (Reviakine et al., 1998) events, the motion of “walk-
ng” proteins(Preiner et al., 2014) and drug-membrane interactions

Berquand et al., 2004) have been the subject of real-time imaging
tudies.
 89 (2016) 60–76

3.2. Bacterial secretions, exudates and biofilms

It is well-known that cells in multicellular organisms enhance
their survival and coordination through the production of an extra-
cellular matrix; however, this property is not unique to higher
eukaryotes. Bacteria also secrete proteins, polysaccharides and
quorum sensing molecules that relay information between con-
specific cells and serve as a buffer against environmental stresses.
In addition, the surface attachment of bacteria is also mediated
by extracellular depositions, the adhesion capacities of which can
be measured through AFM. Colanic acid production and surface
lipopolysaccharide lengths, for example, were previously demon-
strated to determine the strength of attachment of E. coli cells, as
colanic acid-overproducing mutants were found to exhibit stronger
attachment while shorter surface lipolysaccharides were associ-
ated with a lack of adhesive capacity (Razatos et al., 1998).

Bacterial biofilms are also of special interest with regards to AFM
characterization. Biofilms are extracellular polysaccharides that are
secreted to facilitate the attachment of bacteria (or other unicellular
organisms) to a surface, and protect the adhering cells against hos-
tile environmental factors such as antibiotics, detergents and heavy
metals (Davies et al., 1998). Biofilms are undesirable elements in
many settings, and suitable means to inhibit their formation is nec-
essary to prevent potential health hazards in food, agricultural and
medical industries. As such, the mechanical properties of biofilms,
as well as the mechanisms by which antifouling molecules act
against biofilm production, have been investigated by using AFM
and other mechanical characterization techniques (Beech et al.,
2002; Arnold and Bailey, 2000). Corrosion damage and adhesive
capacity of biofilms on a variety of metal surfaces have been
detailed in the literature: Holden et al. report that unsaturated
and liquid-grown biofilms of Pseudomonas putida respond differ-
ently to drying, suggesting that the biofilm composition is altered
for optimal growth in dry and wet environments (Auerbach et al.,
2000). In another report, Tay et al. detail the effect of silver ions
on Staphylococcus epidermidis biofilms and propose a mechanism
through which silver destabilizes the biofilm structure by binding
to the electron donor groups provided by the biofilm compo-
nents, thereby weakening the hydrogen bonds that hold the biofilm
matrix together (Chaw et al., 2005).

4. Atomic force microscopy of mammalian cells and tissues

A selection of AFM studies on the stiffness characterization of
eukaryotic cells and tissues is provided in Table 2. AFM of mam-
malian cells and tissues is often undertaken for disease diagnosis
or stem cell differentiation studies, as diseased tissues often display
mechanical characteristics distinct from their healthy counterparts
and stem cells are widely known to alter their differentiation
pathways and mechanical characteristics depending on external
stimuli. Consequently, AFM of cancer and stem cells can provide
greater insight into the pathways required for events such as metas-
tasis and lineage commitment. However, measurement of these
samples is more difficult than single-cellular organisms or non-
living biological materials such as biofilms and other secretions, as
mammalian cells require a specific set of environmental conditions
to survive and environmental stress can have a major impact on
their mechanical properties. In addition, while fixative treatment
can be used prior to imaging, fixation may  greatly alter the mechan-
ical properties of eukaryotic cells, and live cell imaging is generally

required to acquire reliable elasticity data (Fig. 4). Nonetheless,
cell culture conditions can be replicated to some extent within the
liquid cell of an AFM, and a large number of successful investiga-
tions have been made regarding the mechanical character of living
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Table 2
Mechanical characterization of mammalian cells and tissues by AFM.

Sample Tip properties Imaging conditions Elastic properties Reference

NIH3T3 fibroblasts Silicon nitride, k = 0.018 N/m
(calibrated by thermal method)

Contact mode, liquid (DMEM
containing d-glucose (1000 mg/L) and
10% fetal bovine serum, fresh, warmed
Ringer’s solution used as medium
replenishment), sample on
fibronectin-coated glass

(Young’s modulus) 4–100 kPa over the cell surface, lower
around the nucleus than in the periphery

Haga et al. (2000)

Breast cancer lines (MCF-10A
and MCF7)

Silicon nitride, k = 0.01 N/m (nominal)
modified with a 4.5 �m diameter
polystyrene bead

Contact mode, liquid (culture
medium), sample on glass

(Young’s modulus) 0.2–1.2 kPa range, malignant cell line
(MCF7) 1.4–1.8 times softer than benign cell line
(MCF-10A)

Li et al. (2008)

Osteoblasts, mesenchymal
stem cells and osteosarcoma
cells

Silicon nitride, k ∼20 N/m (calibrated
using thermal method)

Contact mode, liquid (25 mM HEPES),
fixed cells on polystyrene, glass or
collagen-coated glass

(Young’s modulus) 0.7 ± 0.1 to 2.6 ± 0.7 kPa range, lower
Young’s modulus for MG63 osteosarcoma cells on collagen

Docheva et al. (2008)

Zonal articular chondrocytes Spherical gold-coated borosilicate bead
(5 �m diameter), k ∼0.065 N/m
(calibrated by thermal method)

Contact mode, liquid (DMEM), sample
on poly-l-lysine-coated glass

(Young’s modulus) Instantaneous moduli at 0.55 ± 0.23 kPa
for superficial, 0.29 ± 0.14 kPa for middle/deep cells;
relaxed moduli at 0.31 ± 0.15 kPa for superficial,
0.17 ± 0.09 kPa for middle/deep cells; apparent viscosities
at 1.15 ± 0.66 kPa s for superficial, 0.61 ± 0.69 kPa s for
middle/deep cells

Darling et al. (2006)

Cardiac muscle, skeletal
muscle and endothelial cells

Silicon nitride, k = 0.03 to 0.05 N/m
(calibrated using thermal method)

Contact mode, liquid (growth
medium), sample on glass slide

(Young’s modulus) Moduli of 100.3 ± 10.7 kPa for cardiac
muscle, 24.7 ± 3.5 kPa for skeletal muscle and 1.4 ± 0.1 to
6.8 ± 0.4 kPa depending on the region tested for epithelial
cells

Mathur et al. (2001)

Cardiac myocytes Silicon nitride, k = 0.06 N/m (nominal) Contact mode, liquid (culture
medium), sample on laminin-coated
petri dish

(Young’s modulus) 35.1 ± 0.7 kPa for cardiomyocytes from
4-month old rats, 42.5 ± 1.0 kPa for cardiomyocytes from
30-month old rats.

Lieber et al., (2004a)

LLC-PK1 and MDCK kidney
epithelial cell lines

Silicon nitride, k = 0.12 N/m (nominal) Contact mode, liquid (artificial urine) (Young’s modulus) 1.5 ± 0.8 MPa  for LLC-PK1 cells,
5  ± 1.5 MPa  for MDCK cells, oxalate treatment decreases
Young’s modulus to 1.2 ± MPa  for LLC-PK1 cells (other
stiffness parameters also measured)

Rabinovich et al. (2005)

Neuronal growth cones Silicon nitride, k = 0.006 N/m (nominal) Contact and dynamic modes, liquid
(L15/ASW medium), sample on
poly-l-lysine-coated glass

(Young’s modulus) 3–7 kPa for the C domain, 7–23 kPa for
the  T domain, 10–40 kPa for the P domain

Xiong et al. (2009)

Healthy and pathological
erythrocytes

Silicon nitride, k = 0.03 (nominal) Contact, liquid (PBS), sample on
poly-l-lysine-coated glass and fixed by
glutaraldehyde

(Young’s modulus) Moduli of 26 ± 7 kPa for healthy
erythrocytes, 43 ± 21 kPa for hereditary spherocytosis,
40 ± 24 kPa for thalassemia and 90 ± 20 kPa for G6PD
deficiency samples

Dulinska et al. (2006)

Liver endothelial cells Silicon nitride, k = 0.032 N/m Contact, liquid (serum-free endothelial
cell medium), cells on collagen-coated
petri dishes with and without
glutaraldehyde fixation

(Young’s modulus) Moduli of 2 kPa for living cells and over
100 kPa for fixed cells

Braet et al. (1998)

Oral squamous cell carcinoma,
normal and malignant lines

Silicon nitride tip, k = 0.01 to 0.1 N/m;
APTES-modified silicon oxide sphere
tip, k ∼ 0.5 N/m (calibrated using Sader
method)

Contact, air, sample pre-fixed with 2%
PFA and fixed with 3.7% PFA

(Young’s modulus) Median values of 6.75 MPa  for “normal”
and 4.36 MPa  for metastatic cancer cells. Elasticity
measurements taken using sphere-modified tips.

Lasalvia et al. (2015)

PC-3 prostate cancer cells Silicon nitride tip, k = 0.012 N/m
(calibrated using thermal method)

Contact, liquid (culture medium),
samples treated with anticancer drugs
or  DMSO control for 24 h prior to
analysis.

(Young’s modulus) c. 3 kPa for untreated cells, increased to
c.  6–12 kPa in a dose-dependent manner following drug
treatment. Frequency-dependency of the elastic modulus
was also tested and found to change significantly for
Celebrex, BAY, Totamine, TPA and VPA treatment, but not
for  DSF, MK and Taxol. This effect is linked to the fact that
the former drugs may alter crosslinking rates of
cytoskeletal filaments, while the latter only change fiber
length and thickness.

Ren et al. (2015)
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Table 2 (Continued)

Sample Tip properties Imaging conditions Elastic properties Reference

Normal and cancerous bladder
epithelium cells

Silicon nitride tip, k = 0.011 to 0.018
(calibrated using thermal method)

Contact, liquid (culture medium),
sample on glass

(Adhesion energy) average of 8.17 × 10−16 J for normal,
26.95 × 10−16 J for cancer cells
(Young’s modulus) average of 27.57 kPa for normal,
2.46 kPa for cancer cells

Canetta et al. (2014)

Porcine articular cartilage Silicon nitride, k = 0.06 N/m (nominal)
and borosilicate glass beads with
r = 2.5 �m,  k = 0.06 and 13 N/m
(nominal)

Contact, liquid (PBS), tissues on
poly-l-lysine-coated glass

(Dynamic elastic modulus) On the order of 2.6 MPa for
borosilicate glass beads, about 100-fold lower for sharp
tips

Stolz et al. (2004)

Articular cartilage of normal
and arthritic (Col9a1−/−

knockout) mice

Silicon nitride, k = 0.06 N/m (nominal)
and microspheres, k = 10 and 12 N/m

Contact, liquid (PBS), bulk tissues glued
on  a round Teflon disk

(Dynamic elastic modulus) 1.3 ± 0.4 MPa for microspheres
(no change recorded between ages); 22.3 ± 1.5 kPa,
36.8 ± 1.5 kPa and 50.9 ± 4.7 kPa for sharp tips in 1-, 10-
and  19-month old normal mice; 22.3 ± 1.5 kPa, 25.5 ± kPa
and 27.7 ± 1.1 kPa in the non-thickened, intermediate and
heavily thickened collagen fibers of 1-month old arthritic
mice.

Stolz et al. (2009b)

Aortic intima of rats Not listed, tip mounted on a custom
platform for in vivo AFM imaging

Anaesthetized living animals (Young’s modulus) 0.4–0.5 MPa  range for blood vessels
without drug influence, raised to c. 1.0 MPa  in the presence
of  nitroglycerin and decreased back to c. 0.3 MPa in the
presence of norepinephrine

Mao  et al. (2009)

Anterior human corneal stroma Phosphorus-doped silicon, k = 25 and
33 N/m (calibrated by an optical
method, as described by Sader et al.)

Contact, liquid (15% dextran), bulk
tissue placed on Teflon cell without
attachment

(Young’s modulus) Between 1.14 and 2.63 MPa, consistent
across the indentation depths (between 1.0 and 2.7 �m)

Lombardo et al. (2012), Sader
et al. (1999)

Human corneal basement
membrane

Borosilicate glass, k = 0.06 N/m
(nominal)

Contact, liquid (PBS), a 3 × 3 mm tissue
piece dissected and glued onto a well
on steel disk

(Young’s modulus) 2–15 KPa, mean of 7.5 ± 4.2 kPa average
for  the anterior basement membrane; 20–80 KPa,
50 ± 17.8 kPa average for the Descemet’s membrane

Last et al. (2009)

Monkey lenses Gold-coated tip, k = 0.01 N/m
(nominal), calibrated by the
relationship between applied voltage
and cantilever deflection

Contact, liquid (BSS), lenses dissected
and placed on Teflon slide

(Young’s modulus) 1.720 ± 0.88 kPa Ziebarth et al. (2007)

Human bone Various Various (Young’s modulus) 16.6 ± 1.1 to 27.1 ± 1.7 for dry adult
tibiae (lower for children), 13.4 ± 2.0 to 22.7 ± 3.1 for dry
adult vertebrae (lower for wet  samples), 16.58 ± 0.32 to
26.6 ± 2.1 for dry adult femoral midshaft (lower for wet
samples and in the femoral neck), other bone
measurements and tissue hardnesses also noted

Thurner (2009)

Bovine ocular tendon fibers Silicon nitride tip, k = 0.02 N/m
(calibrated using thermal method)

Contact, air (sampling chamber kept at
100% humidity), sample glued on glass
petri dish

(Young’s modulus) 60 ± 2.69 MPa for lateral rectus,
59.69 ± 5.34 MPa for inferior rectus, 56.92 ± 1.91 MPa  for
medial rectus, 59.66 ± 2.64 MPa  for superior rectus,
57.7 ± 1.36 MPa  for inferior oblique and 59.15 ± 2.03 for
superior oblique tendons. Differences between tendon
elasticities are not statistically significant.

Yoo et al. (2014)

Breast tissue sections Borosilicate glass tip, k = 0.06 N/m
(nominal), individual tips calibrated
using thermal method

Contact, liquid (PBS supplied with
protease inhibitors and propidium
iodide), samples sectioned by
cryomicrotomy

(Young’s modulus) c. 400 Pa in healthy and non-invasive
tumor regions, 4-fold increase in average stiffness in
invasive tumor front. Higher average stiffness in the
invasive front is caused by highly stiff (>5 kPa) regions in
this area. Aggressive breast cancer subtypes are also found
to exhibit higher Young’s moduli, quantified in terms of
upper 10% stiffness.

Acerbi et al. (2015)

Benign and aggressive prostate
tumors

Silicon nitride tip, k = 0.06 N/m
(nominal), individual tips calibrated
using thermal method

Contact, liquid (physiological buffer),
sample sliced by razor and glued on
glass

(Young’s modulus) 3.03 ± 0.64 kPa for benign, 1.72 7 ± 1.22
for cancerous tissues. The average Young’s modulus for
cancer samples with Gleason scores in the 2–7 range was
2.07 ± 1.30, this value was  1.39 ± 0.48 for samples with
Gleason scores in the 8–10 range. In addition, metastatic
tumors had an average modulus of 1.06 ± 0.58, while
non-metastatic cancer tissue had an average elasticity
value of 1.99 ± 1.24. These values reflect the tissue
microenvironment and contrast macro-scale elastography
results, in which more aggressive cancers are stiffer.

Wang et al. (2014)
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ammalian cells and tissues, either cultured ex vivo or collected
mmediately prior to imaging.

.1. Cancer diagnosis and characterization

While medical advances have led to significant decreases in the
ncidences of many cancers, cancer still remains to be one of the

ost important diseases in recent history. It is well-established
hat cancer cells exhibit marked differences in stiffness and elas-
icity compared to their healthy counterparts (Cross et al., 2007);
owever, diagnostic applications of mechanical characterization
ethods should currently be considered limited. Effective diagnos-

ic techniques must ascertain the presence (or absence) of disease
ith high confidence and using minimal amounts of sample tis-

ue and time, and despite the ability of mechanical measurements
o effectively distinguish between healthy and tumor cells, it is
nlikely that a biopsy at an early stage of disease would yield tumor
ells in numbers necessary to perform diagnosis based purely on
echanical data. Nonetheless, once the presence of a tumor is con-
rmed using more conventional methods, AFM may  serve as a
aluable tool for its characterization: Laidler et al., for example,
eport the possibility of utilizing AFM to determine whether a sus-
ected breast or prostate tumor is malignant on the basis of its
igh-speed AFM. Disruptions begin to appear on cell surfaces as early as t = 13 s and
b, c), these individuals nevertheless react to prolonged treatment (d, at t = ∼30 min).

elastic properties (Lekka et al., 2012). In addition, AFM cantilevers
can be functionalized with antibodies for disease-specific markers
and used in the detection of cancer and other disorders (Laurent
et al., 2014); however, this technique effectively converts the AFM
into a biosensor or sorting system instead of relying on its capacity
for mechanical characterization.

Greater utility lies in the characterization of tumor cells and
their interactions by AFM, which may  further the current under-
standing of cancer biology and allow the design and evaluation
of novel cancer drugs. Discrepancies between the elasticities of
cancer and non-malignant cells, for example, have been recorded
in human lung, breast, pancreas, fibroblast, prostate, adenocarci-
noma and other cell lines (Muller and Dufrene, 2008; Cross et al.,
2011). These changes are suspected to increase the mobility of
malignant cells during metastasis, and decreases in cell stiffness
appear to be progressive, with more malignant cells expressing
lower Young’s moduli. Fuhrmann et al. reported that the dysplastic
Barrett’s esophagus cell lines are less rigid compared to metaplas-
tic cells, which in turn are softer than their healthy counterparts
(Fuhrmann et al., 2011). Other changes in cell morphology may

also occur to facilitate metastasis, and these too can be quantified
by AFM. Sokolov et al., for example, have determined that can-
cerous human cervical epithelial cells display two brush layers,
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n contrast to the single-length molecular brush of non-malignant
ervical epithelium, which may  also assist in invasion attempts
y these malignant cells (Iyer et al., 2009). In addition, the tumor
icroenvironment also appears to contribute significantly to the

lterations in tumor elasticity: Instead of the expected decrease in
oung’s moduli, Weaver et al. observed a time-dependent increase

n tumor stiffness during mammary tumor development in PyMT
ice, and this increase in rigidity was also reflected in epithelial

ells taken from the tumor site. However, cells taken out of their
ative environment and grown in vitro had lower Young’s mod-
li compared to their in vivo counterparts, and the inhibition of
he ECM-crosslinking enzyme lysyl oxidase mitigated the gradual
ncrease in the elastic modulus of mammary gland tumors (Fig. 5)
Lopez et al., 2011). As such, tissue culture samples and in vivo

umor cells may  not necessarily agree in elastic properties, as the
tiffness of the former depends on the cytoskeletal properties of
he cells, while that of the latter is largely mediated by the tissue

icroenvironment.
in; c and f for 60 min) cells have distinct appearances and elastic moduli; with GA
icated with permission from Shibata-Seki et al. (2015).

Drug responses of cancer cells can also be quantified by AFM.
Zhang et al. observed that HeLa, HepG2 and C6 cells experience
dose-dependent morphological changes on their cell membranes
following treatment with colchicine or cytarabine. Surface rough-
ness increased and pores appeared on the cell membrane after drug
administration and before MTT-quantifiable decreases in viability
could be observed, suggesting that the surface alterations repre-
sent an early response to drug presence (Wang et al., 2009). Such
differences may  be monitored to evaluate the effectiveness of drug
candidates. Changes associated with gene deletion or restoration
can also be observed through AFM: Zhou et al. reported that the
expression of BRMS1 (restoring breast cancer metastasis suppres-
sor 1) induces increases in cell adhesion capacity, cellular spring
constant and Young’s modulus, which supports the idea that BRMS1

expression is associated with cytoskeletal rearrangements that are
unfavorable for metastatic activity. Cell morphology and rough-
ness were also altered following BRMS1 expression, possibly as a
consequence of cytoskeletal modifications (Wu  et al., 2010).
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.2. Diagnosis of other diseases

While cancer-associated changes in cell elasticity are particu-
arly drastic, cancer is by no means the only condition to alter
he mechanical properties of affected tissues. A variety of other
onditions, including malaria, sickle cell anemia, hepatic fibrosis,
ardiovascular disease, renal stiffness, muscular dystrophies and
one disorders, have also been associated with notable changes in
he elastic properties of the affected tissues (Fig. 6) (Costa, 2003;
agao et al., 2000; Lieber et al., 2004b; Bozec et al., 2005; Engler
t al., 2004). Mechanical diagnosis methods have been devised for
ome such conditions, and AFM can be utilized to study the struc-
ural and mechanical properties of affected tissues; but it must be
oted that, as with cancer, AFM-based diagnostic methods for these
iseases currently appear to be more suited towards supporting
onventional diagnosis. However, the high-resolution imaging and
echanical probing capacity of AFM is ideal for the determination

f the causes underlying the progression of the diseases in question.
Several reports on AFM-based disease characterization exist in

he literature. Szymoński et al., for example, demonstrate that red
lood cells belonging to patients with hereditary blood diseases
enerally bear a higher Young’s modulus compared to healthy

rythrocytes (Dulinska et al., 2006). In particular, gluteraldehyde-
xed, poly-l-lysine-immobilized erythrocytes of patients with
ereditary spherocytosis, thalassemia or G6PD deficiency were
 mammary duct tissue is less stiff compared to tumor tissue (a), and the tissue elastic
 by BAPN (which blocks the activity of lysyl oxidase) prevents the tumor-associated

 in the extracellular matrix. Replicated with permission from Lopez et al. (2011).

stiffer compared to normal cells, while patients with anisocytosis
displayed two  distinct peaks in their histogram of Young’s mod-
uli, corresponding to healthy and diseased populations of cells. In
patients with hereditary spherocytosis, changes in cell morphol-
ogy were also observed. Similarly, Vatner et al. have investigated
the effects of aging on cardiac myocytes by AFM indentation, com-
paring 4 month- and 30 month-old rats in order to assess whether
myocyte health influences the aging-associated diastolic dysfunc-
tion of the left ventricule (Lieber et al., 2004b). Myocytes were
found to significantly increase in stiffness with age, suggesting
that the observed dysfunction can be linked at least in part to the
malfunction of individual myocytes. The effect of aging on cellular
Young’s moduli was also noted by Sokolov et al., who have shown
that older human epithelial cells are more rigid than their younger
counterparts, and have further demonstrated that an increase in the
density of cytoskeletal elements is responsible for the age-related
increase in stiffness (Berdyyeva et al., 2005a,b). The early detec-
tion of osteoarthritis was  also performed on the articular cartilage
of normal and arthritic mice, and nanoindentation (but not micro-
scale tips) was shown to resolve the gradual changes in cartilage
stiffness between arthritic and non-arthritic animals of the same
age (Stolz et al., 2009b).
Another interesting frontier in AFM-based disease character-
ization is the investigation of malfunctioning proteins that are
involved in the pathogenesis of neurodegenerative disorders such
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Fig. 6. Young’s modulus measurements of erythrocytes from young and healthy (YHP; a, d and g); old and healthy (OHP; b, e and h) and old and type-II diabetic (ODP;
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.53  ± 0.41 × 105 N/m2, respectively). In addition, OHP and ODP erythrocytes exh
00  ± 38 pN, respectively). Replicated with permission from Jin et al. (2010).

s Alzheimer’s disease, Parkinson’s disease, Huntington’s dis-
ase and amyotrophic lateral sclerosis. These disorders severely
ecrease the quality of life, are exceptionally common among the
lderly and have no definitive cures, which renders it crucial to gain
urther insight into the nature of their causative agents. As such,
he formation of amyloid plaques has been investigated in detail
sing a variety of biological, chemical and material characterization
ethods, including several AFM-based studies. Lansbury et al., for

xample, reported on the in vitro formation of metastable A� amy-
oid fibril precursors that may  later develop into complete amyloid
ssemblies, and suggest that the halting of this mechanism may
revent the onset of Alzheimer’s disease by retaining the precur-
or fibrils (“protofibrils”) in their benign intermediate form (Harper
t al., 1997). In addition, Kowalewski and Holtzman demonstrated
hat the size, shape and production kinetics of A� aggregates were
ltered depending on the surface on which the aggregation occurs
Kowalewski and Holtzman, 1999) (i.e. particulate assemblies were
enerated on the hydrophilic mica surface, while �-sheets formed
n the hydrophobic graphite), and suggested that the �-sheet form-
ng behavior of A� on graphite may  yield useful information on how
rotein folding occurs in vivo. The ability of A� peptides to form

on-channel like structures without interacting with other mem-
rane components was also confirmed using AFM, with trimeric,
etrameric, pentameric and hexameric pore structures being iden-
ified in topographic images. Both D- and L-enantiomers of A�
eptides were able to form these channels, suggesting that the pore
ormation mechanism is not stereospecific (Connelly et al., 2012).
.3. Stem cell differentiation

Fluctuations in mechanical properties do not necessarily suggest
ging-related deterioration or a disease state, as healthy cells may
ared to either YHP or OHP (1.78 ± 0.39 × 105 N/m2 v. 1.04 ± 0.19 × 105 N/m2 and
 higher adhesion compared to YHP erythrocytes (420 ± 25 pN and 510 ± 63 pN v.

also respond to environmental signals by altering their membrane
integrity. This is most obviously observed in stem cells, as differen-
tiation induces fundamental changes not only in cell morphology
and expression patterns, but also in membrane content and stiff-
ness (Discher, 2006; Evans et al., 2009; Reilly and Engler, 2010).
Since the maintenance, recruitment and differentiation of stem
cells are intimately linked to the mechanical properties of their
immediate environment, it is feasible to use AFM measurements in
order to determine the factors that drive the differentiation process
in these cells. Such factors are relatively clear in some cases, such
as the mesenchymal stem cell differentiation into myogenic, chon-
drogenic or osteogenic lineages, but the mechanical triggers behind
the differentiation of other cells are well less understood. In addi-
tion to stem cell differentiation, changes in the microenvironmental
conditions of tissues can be assessed using AFM or other mechani-
cal characterization methods, especially in situations involving the
slow recovery of a damaged system, as in the cases of bone fracture
healing. Other processes, such as the local remodeling and extra-
cellular matrix secretion of cells in a tissue culture environment,
or the capacity of biomimetic materials to imitate the mechanical
environment of their tissue model, also fall within the purview of
AFM.

The differences between stem and derived cells have also been
investigated by AFM. Guilak et al. have confirmed that chon-
drocytes, osteoblasts and adipocytes, the primary differentiation
products of mesenchymal stem cells, display different rigidities,
and determined that undifferentiated mesenchymal stem cells are
similar to adipocytes in their mechanical characteristics (Darling
et al., 2008). Schieker et al. reported that the two subcategories

of human mesenchymal stem cells, flat cells and rapidly self-
renewing cells, can also be differentiated on the basis of their
morphological and adhesive characteristics (Docheva et al., 2008),
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ith the former type appearing topographically similar to human
steoblasts and displaying a high adhesion to the surface, while
he latter exhibited characteristics similar to MG63 osteosarcoma
ells and displayed a smoother topography. Even stem cell fate
an be predicted by mechanical properties prior to the appear-
nce of visible indicators. Gonzalez-Cruz and Darling reported that
dipose-derived stem cells can be classified according to their dif-
erentiation potential to adipogenic, osteogenic or chondrogenic
ineages on the basis of their mechanical behavior (Gonzalez-Cruz
t al., 2012). As could be expected; softer, larger and more pli-
nt adipose-derived stem cells are more likely to differentiate into
dipocytes, while smaller and more rigid stem cells are inclined
owards osteogenic or chondrogenic differentiation. In addition,
he effect of stem cells on an in vivo environment can be determined
ollowing their implantation: Mesenchymal stem cells injected into
he site of a myocardial infarction have been recorded to decrease
he rigidity of the myocardium, which was associated with reduced
brosis and a better prognosis for the postinfarcted heart.

The importance of the extracellular matrix (ECM) for the main-
enance and differentiation of stem cells is both obvious and
aramount (Bosnakovski et al., 2006; Suzuki et al., 2003). It is there-
ore unsurprising that the mechanical properties of ECM elements
re vital in providing the signals responsible for inducing stem cells
o differentiate, or for retaining them in their quiescent state (Reilly
nd Engler, 2010; Guilak et al., 2009). Great differences exist in
he ECM rigidities of adult tissues, from 0.1 kPa in brain to >30 kPa
n bone (Huang et al., 2012), and excessively soft or rigid tissues

ay  result in suboptimal differentiation (see e.g. Engler et al. for an
ccount of aberrant myotube formation associated with unsatisfac-
ory surface stiffness (Engler et al., 2004)). In addition to adult stem
ells in mature tissues, there is also evidence that endo-, meso- and
ctodermal progenitors are arranged into distinctive germ layers
ith the assistance of differences in tensile strength (Discher et al.,

005; Puech et al., 2005): Cell-cortex tensions of endodermal pro-
enitors in gastrulating zebrafish embryos are higher than that of
he mesodermal progenitors, which in turn are larger than that of
ctodermal progenitor cells (Fig. 7) (Krieg et al., 2008b). In a similar
ein, cardiac looping in chicken embryos was suggested to occur
s a result of a stiffness-mediated asymmetry in the developing
ardiac jelly (Zamir et al., 2003).

.4. Extracellular secretions and tissue microenvironments

AFM can be used to measure the native stiffness of tissue micro-
nd nanoenvironments, although other methods, such as microin-
entation, can also be used for the micromechanical investigation
f larger areas of tissues. Bone, cartilage and the ocular tissues
ave been frequently investigated using AFM, and age- or disease-
elated effects have been found to be reflected in tissue stiffness. As
ith bacterial and eukaryotic cells, the method of sample prepara-

ion can greatly alter the elastic modulus of tissues, and sampling
ocation likewise has a substantial effect on mechanical properties
Stolz et al., 2009b; Thurner, 2009). It must also be kept in mind
hat the micro- and nanoscale stiffnesses of a given tissue may  dif-
er greatly, e.g. the microstiffness of porcine articular cartilage was
bserved to be over 100-fold greater than its nanostiffness, and
he age-related effects of osteoarthritis on the articular cartilage
f mice could only be observed through nanoscale tips (Stolz et al.,
009a, 2004). As such, care must be taken not to compare the results
f cell- or tissue-based AFM studies to literature examples that use
issimilar conditions of measurement.

The extent of natural heterogeneity within a given cell pop-

lation or tissue sample can also be established using AFM. An
FM apparatus adapted for use in living brain tissue, for example,
as been used to demonstrate that the rat hippocampus is het-
rogeneous, and that hippocampal subregions are associated with
 89 (2016) 60–76 71

different elastic moduli (Elkin et al., 2007). The wound healing pro-
cess has also been characterized using AFM, and the leading edge
of the wound was  found to exhibit a spatially limited increase in
stiffness to recruit fibroblasts to the wound site. This localized peak
is created by cytoskeletal changes in the cells of the wound edge,
and disappears if the expression of the actin fiber-regulating pro-
tein RhoA is disabled, resulting in a lack of fibroblastic recruitment
to the site of injury (Wagh et al., 2008). In addition to tissues, an
individual cell can also be analyzed to identify distinct regions on its
surface: Scheuring et al. have characterized the mechanisms used
by red blood cells to contort during their passage through blood ves-
sels, utilizing a method in which the function of known structural
proteins are altered and the resultant changes on the cell surface
are measured to map  these proteins onto the mechanically het-
erogeneous regions present on the erythrocyte (Picas et al., 2013).
The addition of MgATP was utilized to elicit changes on the mem-
brane elements on the extracellular (“outwards”) and cytoplasmic
(“inwards”) sides of the erythrocyte, which behaved in two dis-
tinct ways and therefore allowed the detailed characterization of
membrane structures and molecular compositions on both sides.

In addition to characterizing the structure of previously
deposited matrix microenvironments, AFM can also determine how
cellular exudates are secreted outside cells, especially with regards
to the membrane budding and fusion events that occur during the
secretion process. Research in this direction focuses mostly on cells
involved in the secretion of hormones or digestive fluids, such as
pancreatic acinar cells (Schneider et al., 1997b) or growth hormone
(GH)-secreting cells (Cho et al., 2002). Secretion in acinar cells was
found to depend on large (500–2000 nm)  apical “pits” that contain
3–20 smaller (100–180 nm) “depressions” or “fusion pores”, the
diameters of which increase during amylase secretion (Fig. 8). Simi-
lar pits and depressions were also present in GH-secreting cells, and
the existence of GH within these structures was confirmed using
gold-tagged GH antibodies, demonstrating that the depressions
were secretory in nature. A combination of atomic force microscopy
and confocal microscopy was  also used to demonstrate that the
secretory vesicle swelling process is regulated by a GTP-binding
protein (Jena et al., 1997).

5. Future directions

AFM is a versatile technique and can be used in the mechanical
characterization of a broad range of biomaterials, ranging from sin-
gle molecules to bulk tissues. Its nanometer-scale resolution allows
the direct observation of proteins, nucleic acids and other biologi-
cally important molecules, while its ability to characterize material
stiffness in liquids is a crucial advantage for investigating the nat-
ural mechanical environment of cells. However, the methods used
for the preparation of biological samples for AFM imaging are highly
diverse and may  alter the mechanical properties of biomaterials.
Environmental conditions such as temperature and buffer salinity
can alter the response of cells to mechanical stimuli, while fixation
and immobilization protocols may  directly change the chemical
composition of the treated cells. These effects in turn make it diffi-
cult to compare results between studies performed under different
conditions. While countermeasures, such as liquid cells which sup-
ply the environment normally experienced by mammalian cells in
cell culture, have been developed, a great deal of process optimiza-
tion and standardization is still necessary for AFM to truly emerge
as a biological tool.

Nevertheless, the mechanical environment of cells remains

largely unexplored, and AFM is an ideal method for characterizing
the behaviors of cells and tissues under close-to-natural conditions.
The technique will no doubt remain indispensable for studying the
mechanical components of signaling pathways and the effect of
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Fig. 7. Endo- and mesodermal cells of the developing zebrafish embryo preferentially adhere to cells sharing the same germ layer in a cadherin-dependent manner. Adhesive
forces  between two cells can be measured by attaching one cell to the probe (a). Endo- and mesodermal cells exhibit stronger homotypic adhesion compared to ectodermal
cells,  and heterotypic adhesion is generally weaker than endoderm–endoderm and mesoderm–mesoderm interactions (b and c, d used as control to ensure contact stiffness
didn’t  account for the differences observed). Calcium depletion and suppression of cadherin blocks the observed effects, and cadherin expression is higher in endo- and
mesodermal cells, suggesting that adhesion is cadherin-dependent (e, f). Replicated with permission from Krieg et al. (2008a).

Fig. 8. Induced secretion of amylase from acinar cells of the pancreas, showing “depressions” in a single “pit” (a) and their secretory responses 5 min (b) and 30 min  (c)
after  simulation by the secretion-stimulating peptide Mas7. Secretion is associated with increases in the diameters and depths of the secretory depressions. Replicated with
permission from Schneider et al. (1997a).
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hysical signals on metabolic functions under normal and disease
tates, which is an area that has remained largely uninvestigated
ntil now, for lack of adequate methods of analysis.
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