
 
Use of atomic force microscopy for characterization  
of model membranes and cells

Abstract

Background: To provide a fundamental understanding of the potential 
and use of atomic force microscopy (AFM) in medicine and the life sciences, 
this work presents a thorough description of imaging and non-imaging 
atomic force microscopy modes for characterizing model membranes and 
cells at the nanoscale.

Methods: The imaging and non-imaging AFM modes are described 
with examples in terms of the characterization of topographic, morphologi-
cal, and nanomechanical sample properties. 

Results: AFM imaging of supported lipid bilayers (SLBs) revealed the 
effects of temperature and medium composition on SLB topography in the 
gel and fluid phases, and on the bilayer thickness. Non-imaging AFM 
showed the strengthening of the SLB in both phases by the ion binding 
process.

Imaging of neuronal and neuroblastoma cells with and without treat-
ment revealed morphological changes in shape, volume, roughness, and Fe-
ret dimension. Non-imaging AFM showed the change in cell elasticity in-
duced by the treatment with H2O2 with and without quercetin and by the 
treatment with copper and myricetin. The measurements of cells elasticity 
revealed a reorganization of the cytoskeleton and filament structures.

Conclusions: Diverse applications of imaging and non-imaging AFM 
can provide important information about the underlying processes in bio-
logically relevant systems. AFM, as a complementary technique to other 
biomedical methods, allows screening and monitoring of physiological 
changes at the nanoscale.

INTRODUCTION

Atomic force microscopy (AFM) is a lens-free technique that can 
achieve sub-nanometer resolution on biospecimens under physio-

logical conditions. AFM measures the atomic forces that occur between 
the sample and the probe. AFM is capable of simultaneously obtaining 
a set of height data, which is converted into an image, and a set of nano-
mechanical data characterizing the investigated sample. The main ad-
vantage of this technique is the ability to image both solid and liquid 
samples in native form at ambient conditions without the required 
vacuum (1,2). Gerd Binnig and Heinrich Rohrer received the Nobel 
Prize in physics for the development of the scanning tunneling micro-
scope (STM), a technique that is related to AFM and belongs to the 
group of scanning probe microscopies (SPM), which highlights the in-
novation and importance of such methods. Today, AFM is a widely used 
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technique for imaging, measuring nanomechanical prop-
erties and manipulation at the nanoscale which enables 
tackling problems in many scientific fields, from nano-
technology, chemistry, and physics of materials to colloid 
and surface chemistry, pharmacy, molecular and cell biol-
ogy, and medicine (3-5).

Using selected examples from our research, here we 
provide an introduction to readers with a background in 
biology and medicine into the potential of the AFM tech-
nique and its ability to provide more information than a 
simple representation of the sample topography. We begin 
with a description of the basic concepts and operation of 
the AFM instrument. We then explain the parameters 
that can be obtained from the measurements, which are 
relevant to the research presented further in this review. 
In the third section, a brief overview of the imaging of the 
model lipid 1,2-dimyristoyl-sn-glycero-3-phosphocholine 
(DMPC) membrane-supported lipid bilayer (SLB) in liq-
uid cells will be presented. In addition, the application of 
force spectroscopy in the study of SLB is shown to illus-
trate how physicochemical properties and processes at the 
nanoscale can be resolved using results from AFM mea-
surements, e.g., the bilayer thickness, coverage of the sup-
port surface, and the yield threshold force. The fourth 
section describes the studies of neuroblastoma cell lines 
derived from metastatic bone tumor (SH -SY5Y) and 
teratocarcinoma cell lines (P19 neurons), where the imag-
ing mode was used to gain insight into the state of the 
cells based on cell morphology, membrane roughness, and 
dimensional parameters (Feret dimension). The non-im-
aging mode was used to determine cell elasticity as one of 
the biophysical markers for assessing the condition of the 
studied cells.	

FUNCTIONAL PRINCIPLE OF THE AFM 

Basic configuration of the AFM device

The AFM consists of a cantilever with a sharp tip at-
tached to the end, which is used to scan the sample sur-
face. As the tip approaches the sample surface, forces oc-
cur between the probe tip and the sample, causing 
deflection of the cantilever according to Hooke's law (6). 
Depending on the distance between the probe and the 
sample, AFM measures Van der Waals forces (at distanc-
es of 1-10 nm above the surface), electrostatic forces, or 
other long-range forces that extend across the surface. An 
example of forces that can be measured with AFM are 
Van der Waals forces between lipid molecules in lipid 
bilayers and electrostatic forces between ions present in 
the medium and the polar heads of the lipid molecules in 
the lipid bilayer, which occur in media with high ionic 
strength such as seawater (SW) (7).

Figure 1 shows the basic parts of the AFM instrument: 
a small spring-shaped cantilever (1) supports a sharp tip 
attached to its free end (2). The tip is used to probe the 

sample at the nanometer scale (3). The sample is placed on 
the scanner head (4) which moves the sample in x, y and z 
directions. The laser beam (5) is reflected from the surface 
of the cantilever and reaches the photodetector (7) via a 
mirror system (6), which detects the deflection of the can-
tilever. The electrical signal at the photodetector is regu-
lated by the controller (8). In this way, the interaction be-
tween the tip and the sample is translated into changes in 
the movement of the cantilever in the form of the deflec-
tion value, the amplitude of the cantilever oscillation, or 
the shift in the resonant phase of the cantilever oscillation. 
AFM scanners consist of a piezoelectric material that ex-
pands and contracts in response to an applied voltage. The 
tip or sample is placed on the piezoelectric scanner, which 
moves in the x, y, and z directions (8). The scanners are 
characterized by their sensitivity, i.e., the ratio of expansion 
or contraction of the piezoelectric material per applied 
voltage. Sensitivity varies from scanner to scanner, but 
piezo scanners show higher sensitivity at the end of the 
scan than at the beginning of the scan. The hysteresis be-
tween the two scan directions (9) should be corrected us-
ing established scanner calibration procedures (10,11).

Types of probes

The AFM probe consists of a micrometer-long spring 
cantilever made of Si, SiO2, or Si3N4 with a sharp tip (ra-
dius of curvature in the order of nanometers) attached to 
the lower part of the cantilever. The surface of the cantile-
ver can be modified with various coatings to increase the 
reflection of the laser beam incident on the cantilever and 
improve the deflection signal (12). The spring constants are 
in the range of 10–2 N/m ≤ ks ≤ 100 N/m and oscillation 

Figure 1. Schematic representation of a typical AFM configuration.

Figure 2. Schematic representation of AFM cantilevers with spheri-
cal, pyramidal and conical tips (from left to right).
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frequencies of 1 kHz ≤ w0 ≤ 500 kHz, while the geometry 
can be triangular or rectangular. The tip radius of the 
probe is usually in the order of a few nanometers to a few 
tens of nanometers. There are special probes, such as col-
loidal probes with spherical tips, with much larger radii 
(Figure 2). By scanning a sample with an AFM probe, 
different types of interactions can be detected. Depending 
on the investigated interaction, the surface of the AFM 
cantilever tip can be modified by a coating.

AFM imaging modes

In general, the possible imaging modes are divided 
into contact and non-contact modes. A widely used non-
contact imaging mode is known as the "tapping" mode 
(13). Depending on the distance between the tip and the 
sample surface, attractive or repulsive forces occur, 
and different imaging modes can be applied, as shown in 
Figure 3.

Contact mode

In a contact mode, the probe is in constant contact 
with the sample surface at a very close distance. Therefore, 
in contact mode, AFM is performed at a distance where 
the force is in the repulsive range (Figure 3). In this mode, 
it is possible to image either at constant force or at con-
stant distance. The topography is thus measured by the 
deflection of the cantilever (14). Since the contact mode 
is usually used for measuring hard samples and materials, 
it will not be considered further in the discussion on im-
aging of biological samples.

Tapping mode 

The tapping mode, as the most commonly used AFM 
mode in both ambient and liquid environments, was de-

signed to avoid damage of soft samples, for example films, 
membranes, or cells (12). The cantilever oscillates at its 
constant resonant frequency resulting in a constant oscil-
lation amplitude as long as there is no interaction with the 
sample surface (13). As the probe tip approaches the 
sample, the interaction forces induce a decrease of the 
cantilever amplitude (Figure 3). The feedback controller 
then returns the cantilever amplitude to the initial con-
stant value, and the amount of this feedback is quantified. 
Imaging in the tapping mode is gentle enough to visualize 
even supported lipid bilayers in liquid media (15-18). The 
interaction between the tip and the sample also causes a 
shift in the phase of the cantilever oscillation, allowing 
detection of sample regions with different chemical, stiff-
ness, or adhesion properties (19).

Non-contact mode

The main difference between non-contact and tapping 
modes is the frequency of the cantilever oscillation, which 
in the non-contact mode is slightly higher than its reso-
nant frequency, while the amplitude of the oscillation is 
in the range of a few picometers to a few nanometers (20). 
At these distances, the reduction in the resonant frequen-
cy of the cantilever is determined by the Van der Waals 
force or other long-range forces that extend across the 
surface (21). In the non-contact AFM, neither the tip nor 
the sample is damaged (Figure 3). Therefore, non-contact 
AFM is used to image soft samples, such as membranes 
and cells, or thin, soft films. The so-called dynamic mode 
of AFM measurements includes frequency and amplitude 
modulation. While changes in the oscillation frequency 
provide information about probe-sample interactions 
(22), changes in the oscillation phase allow distinction 
between regions having different material composition on 
a sample surface (23).

Roughness parameters

AFM imaging mode allows the determination of sev-
eral roughness parameters, used to evaluate the surface 
topography, especially in cell studies. 

Roughness Average, Ra, is the arithmetic mean of the 
absolute values of the profile height over the evaluation 
length. It is defined as:

where yi represents the vertical deviations of the height 
profiles from the main plane, while Rq, is the root mean 
square average of the profile heights over the evaluation 
length, defined as:

Figure 3. Force-distance curve. Redrawn after (12).
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The Z range is the maximum distance between the 
highest and the lowest point on the scanned surface (24). 
Examples of the application of roughness analysis in our 
previous cell studies can be found in chapters SH-SY5Y 
cells and P19 neuronal cells.

Cell morphology analysis

A method used to describe cell morphology involves 
determination of the maximum, Fmax, and the minimum 
Feret dimension, Fmin, as the maximum and minimum 
distance between two parallel lines tangential to the 
boundary line of the region of interest (25). Fmax and Fmin 
are shown schematically in Figure 4.

Non-imaging mode – Force spectroscopy

The non-imaging mode, also known as force spectros-
copy (FS), measures the forces between the sample and 
the probe as a function of their mutual distance. In FS, 
the AFM tip is extended to the surface and then retracted. 
The result of this measurement is called the force-displace-
ment curve or the force-distance curve (26-29). FS is gen-
erally used to measure the nanomechanical properties of 
samples, such as Young's modulus (E) and yield threshold 
force, which are related to material’s stiffness (30).

MODEL MEMBRANES

In our previous work, we demonstrated mutual effects 
of monovalent (sodium) and divalent (calcium and mag-
nesium) cations on the nanomechanics of 1,2-dimyristo-
yl-sn-glycero-3-phosphocholine (DMPC) bilayers in a 
buffer solution (PBS) and seawater (SW) (7).

The binding effect of ions present in the medium is an 
important process leading to a change in the nanome-
chanical properties of the membrane. Supported lipid 
bilayer (SLB) was used as a model system because it be-
haves similarly to the cell membrane and has both fluid 
and gel phases. DMPC is the most abundant phospho-
lipid in basolateral gill membranes and accounts for 61% 
of the total membrane phospholipid content in both 
freshwater and SW organisms. DMPC is also present in 
the yellow and brown leaves of the mangrove Avicennia 
marina (31). It has a phase transition temperature from 
gel to fluid phase at 24.3 °C (32). Due to ionic bonding, 
it has also been studied with AFM imaging and force 
spectroscopy. The SLB is formed by the process shown in 
Figure 5. The DMPC liposomes adhere to the mica sur-
face, attach to it, spread, and adsorb to the mica surface, 
forming the SLB. SLBs consist of two main phases, the 
gel or solid phase and the liquid or fluid phase, which have 
different physical properties (thickness, fluidity, elasticity, 
stiffness, etc.), which determine their different behavior 
(Figure 6). The change in SLB nanomechanics, i.e., stiff-
ness, is quantified in AFM by the yield threshold force 
defined as the vertical force required to penetrate DMPC 
SLB with the AFM probe.

The yield threshold force can be obtained from the 
force curve, which increases as the probe tip approaches 
the membrane surface. When the force is high enough, a 
jump appears in the force curve as shown in Figure 7. The 
breakthrough feature (known as a jump) corresponds to 
the penetration of the bilayer (yield threshold force), while 
the width of the jump corresponds to the thickness of the Figure 4. Schematic illustration of Fmax and Fmin.

Figure 5. Schematic representation of the formation of a SLB.
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charged membrane. Measuring these two features gives 
the local SLB property, which is measured at one point. 
For this reason, such measurements are made in different 
areas of the SLB to obtain information about the homo-
geneity of the specimen.

Collecting many yield threshold forces from different 
areas of the SLB patches (Figure 8A) resulted in the his-
togram of yield threshold forces shown schematically in 
Figure 8B. A unimodal distribution of the measured yield 
threshold force values and its small standard deviation 

Figure 6. Schematic representation of the temperature induced gel to fluid phase transition in the SLB.

Figure 7. Schematic representation of the " jump" in the force curve.

Figure 8. Schematic representation of the collected force curves (A) and the histogram of yield threshold forces usually obtained from different 
regions on the patches (B).
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indicates that the SLB is more or less homogeneous, i.e., 
only one phase is probably present, whereas a wide distri-
bution of yield threshold forces or the occurrence of a 
bimodal distribution indicates the heterogeneity of the 
SLB and/or the presence of two phases.

AFM imaging – coverage of the 
supporting mica surface 

Here we briefly show how AFM imaging of DMPC 
SLB in liquid cells can be used to study the physicochem-
ical properties and processes on the nanoscale flat surface 
of mica. AFM imaging of SLB at different temperatures in 
two media, PBS buffer and SW, was performed to reveal 
the effects of ionic composition and temperature on DMPC 
SLB fusion and deposition in both gel and liquid phases, 
as described in our original study (7). The liposome adsorp-
tion process resulted in the formation of SLB patches of 
different sizes and topographies at different temperatures 
in PBS and in SW (Figure 9 and Figure 10, respectively).

Sodium and potassium cations are present in the PBS 
buffer and bind to the DMPC head groups. At pH 7.4, 
the mica surface is negatively charged, and at the same 
pH, the DMPC liposomes are also slightly negatively 
charged. At 21.1 °C, the DMPC is in the gel phase, where 
ionic binding is lower. Therefore, the electrostatic interac-
tions between the DMPC liposomes and the mica surface 
are weak, resulting in low surface coverage (Figure 9A). 
At higher temperatures, 24.3 °C and 29.2 °C, the DMPC 
is in fluid phase and ionic binding is enhanced, which is 
reflected in a lower negative DMPC surface charge and 
enhanced electrostatic interaction between DMPC and 

the mica support. As a result, a higher degree of mica 
coverage is observed, as shown in Figure 9B and Figure 
9C. In SW, divalent cations such as calcium and magne-
sium are present in addition to sodium and potassium 
ions. Their binding to the surface of the bilayer enhances 
the interaction between DMPC and the mica support, 
resulting in increased coverage of the mica surface in the 
gel phase at 21.1 °C (Figure 10A), and in the fluid phase 
at 24.3 and 29.2 °C (Figure 10B, 10C).

Non-imaging AFM - determination of the 
bilayer thickness

The determination of the thickness of the lipid bilayer 
based on the width of the jump in the force – distance 
curve has already been described in section 3. By measur-
ing many curves, the mean value of the thickness is ob-

Figure. 10. 3D AFM images of supported DMPC bilayer in SW at temperatures of (A) 21.1 °C, (B) 24.3 °C and (C) 29.2 °C.

Figure 9. 3D-AFM images of DMPC SLB in PBS buffer (I = 150 mM) at temperatures of (A) 21.1 °C, (B) 24.3 °C and (C) 29.2 °C.

Figure 11. Temperature dependence of the SLB thickness in PBS and 
SW media.
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tained, which depends on whether DMPC SLB is in the 
gel or the fluid phase. The measurement results are shown 
in Figure 11.

The change in the thickness of the bilayer is composed 
of two contributions, the phase transition itself and the 
binding of ions specific to PBS and SW. The thickness of 
the DMPC bilayer in the gel phase is practically the same 
as in PBS and SW, d = (5.31 ± 0.02) nm and d = (5.38 ± 
0.04) nm, respectively. In the fluid phase, however, the 
thickness of the bilayer in PBS and SW is d = (4.38 ± 0.03) 
nm and d = (4.54 ± 0.05) nm, respectively. It can be seen 
that the difference in the thickness of the bilayer between 
PBS and SW is very small in the gel phase, while it is 
larger in the fluid phase due to the effect of enhanced 
binding of the ions present in the fluid phase. On the 
other hand, this difference is by far the largest in the phase 
transition region, as can be seen in Figure 11, which is due 
to the largest contribution of the phase transition itself, 
while the effect of ion binding in PBS and SW is much 
smaller in this temperature range. The results of the SLB 
thickness measurements are summarized in Figure 11. 
They suggest that the reduced thickness of the bilayer 
corresponds to the phase transition from gel to fluid and 
to the effects of binding of hydrated divalent cations (Ca2+ 
and Mg2+) in SW to the lipid head groups. The observed 
difference in the thickness of the bilayer in two different 
media further confirms the effect of ionic binding.

Non-imaging AFM – determination of the 
yield threshold force

Changes in the SLB nanomechanical properties can 
be quantified by the yield threshold force, which is the 
vertical force required to penetrate DMPC SLB with an 
AFM probe. Due to the ionic binding, there is a strength-
ening of SLB, which should also be reflected in an in-
crease in the yield threshold values. The divalent ions are 
present in SW at relatively low concentrations (c(Ca2+) = 
10.4 mM, c(Mg2+) = 53.3 mM), whereas the monovalent 

ions are present at higher concentrations (c(Na+) = 0.47 
M, c(Cl-) = 0.55 M) (33). However, the effect of ion bind-
ing is much smaller in the fluid than in the gel phase and 
the decrease of the yield threshold force is linear with the 
temperature increment in both media, but a higher slope 
is observed in SW. The difference between the maximum 
yield threshold forces in the two media was larger in the 
gel phase than in the fluid phase, which can be attributed 
to the higher electrostatic interactions of the head groups 
in the gel phase of DMPC SLB (Figure 12). We have 
briefly shown how the FS measurement can be useful for 
the quantitative description of the process of membrane 
stiffening due to the binding of individual monovalent 
and divalent cations at the surface of the lipid bilayer. This 
finding could be applied not only to the DMPC bilayers 
in various media, but also to the analysis of the behavior 
of biological membranes in general.

CELLS

It is well known that the physiological functions of a 
cell are closely related to its morphology. When a toxin or 
drug is introduced, molecular changes occur inside the 
cell, in addition to changes in the cell morphology, espe-
cially of its nanomechanical properties. The SH-SY5Y 
neuroblastoma cell line and the P-19 neuronal cell line are 
routinely used to study various aspects of neuronal biol-
ogy, including the cellular response to oxidative stress-
induced injury.

SH-SY5Y cells

Oxidative stress (OS) causes neuronal damage and loss 
of function and has been linked to Alzheimer's and Par-
kinson's disease, mainly due to an imbalance of various 
transition metals (34). An increased concentration of free 
copper ions leads to induced oxidative stress and can cause 
direct and non-specific binding to various cellular pro-
teins, resulting in protein folding (35). Although flavo-
noids are natural compounds that serve as therapeutic 
agents against oxidative damage, they may exhibit pro-
oxidant activity, especially in the presence of metal ions 
(36). Myricetin is a flavonoid belonging to the flavonols 
group with antioxidant and anti-inflammatory activity 
(37), but in the presence of copper ions, myricetin can 
exhibit pro-oxidant behavior. In our recently published 
study (34), we investigated the protective role of the fla-
vonoid myricetin in copper-induced toxicity in neuroblas-
toma cells SH-SY5Y. Here, we provide an overview of 
how both imaging and non-imaging AFM modes provide 
valuable information about the changes in cell mem-
branes and cytoskeletal architecture that result from cell 
exposure to oxidative stress. The imaging AFM was used 
to visualize the cell morphology, while the non-imaging 
mode revealed the cell nanomechanics, i.e., the elasticity 
of cells.

Figure 12. Histogram of the yield threshold forces, Fy, as a function 
of temperature in NaCl and SW. Each value represents the central 
value of the Gaussian fit of the corresponding distribution while the 
error bars correspond to the standard deviations.
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Imaging AFM

In the original study (38), we used AFM imaging to 
show detailed morphological changes in neuroblastoma 
cells SH -SY5Y after treatment with 10 µg/mL myricetin 
or 0.5 mM CuSO4 and simultaneous administration of 
both agents. The 3D topography of control cells (Figure 
13A), myricetin treated cells (Figure 13B), cells treated 
with copper (Figure 13C), and cells treated with copper 
and myricetin (Figure 13D) showed relatively clear and 
distinct details. The observed changes in morphology and 
surface roughness represent the reorganization of fine 
actin-filament structures leading to the formation of clus-
ters of membrane protrusions. On control cells, the pro-
trusions exhibited organized filaments up to 100 nm 
high, clearly separated from each other and homoge-
neously distributed over the entire scan area, forming 
cavities between them (Figure 13A). After treatment with 
myricetin, filaments with a smaller cavity between them 
were still observed. Although the treatment with myric-
etin did not significantly change the roughness parame-
ters Ra and Rq, the Z area increased by 30%. After treat-
ment with copper, the ordered filaments disappeared, but 
newly formed clusters of membrane protrusions, which 

were inhomogeneously distributed on the cell surface, 
could be a consequence of the signaling response of the 
ordered structure of the filaments to the external environ-
ment. These newly formed membrane protrusions cover 
about 45% of the cell surface. When treated simultane-
ously with myricetin and copper, the membrane protru-
sions covered approximately 85% of the cell surface (Fig-
ure 13D). The observed changes in surface morphology 
are reflected in the further increase in surface roughness 
parameters (Figure 14A), indicating that the fine filament 
structure is seriously damaged and that the process of 
reorganization of the fine filament structures of SH-SY5Y 
cells has progressed.

Surface roughness analysis was performed on the mor-
phology of neuroblastoma SH-SY5Y control and treated 
cells in eight selected areas of 25 µm2 (Figure 14A). The 
data showed the change in surface roughness due to dif-
ferent treatments. For example, the copper-treated cell 
surface was significantly rougher, indicating the forma-
tion of membrane protrusions on the cell surface, which 
increased the values of Z-range, Rq, and Ra by 46%, 40%, 
and 64%, respectively. The increase in all roughness pa-
rameters was observed in all treatments, with the change 

Figure 13. 3D topography images of parts of neuroblastoma SH-SY5Y cells: control cell (A), myricetin treated cell (B), copper treated cell (C), and 
myricetin and copper treated cell (D). 
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in Z-range being the most pronounced. However, a stron-
ger effect of myricetin was observed in the presence of 
copper on the topographies of neuroblastoma cells SH-
SY5Y, indicating a degeneration of the actin network. 

Non-imaging AFM

Since AFM imaging and roughness analysis indicated 
significant reorganization of the cytoskeleton and fila-
ment structures, it made sense to further investigate nano-
mechanics, i.e., elasticity. Young's moduli measurement 
results for treated and control cells are shown in Figure 
14B. The results show that the myricetin-treated SH-
SY5Y cells were stiffer than the control group, while the 
copper-treated cells were softer than the control cells. Fi-
nally, exposure to both copper and myricetin resulted in 
a significant decrease in cell elasticity (36%) compared to 
control cells. In conclusion, actin filaments are the major 
component of the cytoskeleton and cell elasticity is deter-
mined by their organization and dynamics. Disorganiza-
tion of actin filaments reduces the average Young's modu-
lus, demonstrating the importance of actin for the overall 
mechanical stability of SH-SY5Y cells. AFM is shown to 
provide biophysical markers for screening neurodegen-
erative changes as a tool for monitoring cellular integrity.

P19 neuronal cells 

The brain is particularly susceptible to oxidative stress 
due to its enormous oxygen consumption, high polyun-
saturated fatty acid content, accumulation of transition 
metal cations, and limited antioxidant protection (38). 
Among the various reactive oxygen species (ROS), H2O2 
is one of the most abundant ROS in aerobic organisms. 
At concentrations above physiological levels, H2O2 can 
alter the activity of various signaling cascades. Quercetin, 
a natural flavonol, has exceptional antioxidant activity 
against various oxidants and other neurotoxic molecules 
that can induce oxidative stress (39). However, due to its 
low bioavailability, its concentration is below that re-

quired for effective antioxidant activity. Moreover, the 
physiological function of a cell is closely related to its mor-
phology (40). When the cell physiology changes due to 
pathological toxins and other substances, its morphology 
also changes. Therefore, observing and studying the mor-
phological characteristics of cells can serve as a biophysi-
cal marker for neuronal changes during induced oxidative 
stress. Therefore, in our previous study (41), quantitative 
imaging was performed to obtain the cell topography, and 
non-imaging AFM provided spatially resolved maps of 
nanomechanical properties of the cells called cellular elas-
ticity maps. Both approaches provide important informa-
tion about the cell membranes and the structure of the 
cytoskeleton. External influences can lead to structural 
and nanomechanical changes, especially in the organiza-
tion of microtubules, actin filaments, and neurofilaments. 
The aim of this research review was to show how the use 
of AFM can help to investigate changes in the topography 
and nanomechanical properties of neuronal membranes 
caused by oxidative stress resulting from drug treatment.

Imaging AFM 

All cell imaging and force mapping measurements 
were performed with neurons fixed in 4% paraformalde-
hyde. The light microscopy images show the topography 
of the control neuron soma (Figure 15A), after the treat-
ment with H2O2 (Figure 15D), and after the simultaneous 
exposure to both quercetin and H2O2 (Figure 15G). The 
highest region of the soma is shown on more detailed 
AFM images (Figure 15B, 15E, 15H) and zoomed topo-
graphic images (Figure 15C, 15F, 15I), of control, H2O2-
treated, and neurons simultaneously treated with both 
quercetin and H2O2, respectively. Isolated control neu-
rons had elongated soma shapes (Figure 15B) with ruffled 
structures consisting of diverse membrane proteins and 
membrane folding (Figure1 5C), while neurons exposed 
to H2O2 had irregular circular shapes (Figure 15E), and 
degenerated cell bodies in which cross-linking of mem-

Figure 14. Roughness parameters (A) and elasticity (B) of treated and untreated neuroblastoma SH-SY5Y cells.
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brane proteins was suppressed (Figure 15F). The shape of 
P19 neurons treated simultaneously with quercetin and 
H2O2 was more regular (Figure 15H), whereas the fine 
ruffled assemblies showed only minor modifications, in-
dicating the beneficial effects of quercetin on neuronal 
morphology (Figure 15I). The spherical crater edges in the 
control P19 neurons were distinct and sharp (Figure 15C), 
and significantly disappeared in H2O2-treated neurons 
(Figure 15F). In contrast, in quercetin/H2O2 treated neu-
rons they were pitted and became shallow, indicating a 
minor damage to the cell membrane (Figure 15I). The 
effects of quercetin and H2O2 on morphology (Feret di-
mensions (FD), cell volume (V ) and cell height (h)) and 
roughness parameters (Ra) at the nanoscale level are sum-
marized in Figure 16A and Figure 16B, respectively.

The data obtained on fixed P19 neurons provided de-
tailed evidence of morphological changes in cellular struc-
tures under various treatments. Figure 16 summarizes the 

H2O2-induced decrease in cell volume and decrease in 
roughness as indicators of cytoskeletal changes. The Feret 
dimensions of neuronal somas and their height are deter-
mined as indicators of an oxidative damage. Indeed, oxi-
dative stress results in an internal structural reorganiza-
tion of the cytoskeleton, which manifests itself in 
changes in the shape of the cell as well as in the level of 
FD and height of the cell. For this reason, all observed 
changes in the above parameters can serve as biophysical 
markers for the condition of the cells under study. The 
observed values of FDmin and FDmax induced by treatment 
with H2O2 and simultaneous treatment with H2O2 and 
quercetin change. FDmin increases by 31% and 38% by 
the treatment with H2O2 and simultaneous treatment 
with H2O2 and quercetin, respectively, compared to con-
trol cells, indicating that neuronal cells expand (Figure 
16A). On the other hand, FDmax is reduced by 26% and 
30% by treatment with H2O2 and simultaneous treat-
ment with H2O2 and quercetin, respectively, indicating 

Figure 15. Light microscopy images of the soma of control neurons (A), of a neuron after treatment with H2O2 (D), and after simultaneous 
exposure to quercetin and H2O2 (G). The highest region of the soma is shown on height topographic images (B, E, H), and zoomed (C, F, I), 
respectively. The scales are indicated on images.
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that neuronal cells shorten. Neuronal cell height itself 
decreased by 15% and 10% by treatment with H2O2 and 
simultaneous treatment with H2O2 and quercetin, respec-
tively. Based on the changes in the above parameters, the 
cell volume values were calculated. Thus, the decrease in 
neuronal volume due to treatment with H2O2 was calcu-
lated to be 25% compared to control cells, while the effect 
was reduced to only 5% in the presence of quercetin (Fig-
ure 16B). The observed changes in cell volume were sup-
pressed by the presence of quercetin, confirming its neu-
roprotective role.

The observed morphological changes at the membrane 
level were also reflected in the pronounced roughness val-
ues of the neurons treated with H2O2 (Figure 16C). 
Membrane roughness, which originated from single short 
and long protein ruffled structures, was decreased in P19 
neurons exposed to H2O2 but returned to baseline upon 
simultaneous treatment with H2O2 and quercetin. H2O2 
induced conformational changes in actin structures and 
promoted the degradation of highly oriented bundles, 
leading to their shortening, which corresponded with the 
increase in roughness parameters. 

Non-imaging AFM

After analyzing the cell morphology and its changes 
due to cell treatment, we focused on the cell’s nanome-
chanical properties that reflect the structural reorganiza-
tion of the cell cytoplasm induced by treatment of neuro-
nal cells with H2O2 (± quercetin). The measurements were 
performed in such a way that the elasticity map of the 
neuronal cells was measured. The results were statisti-
cally analyzed and presented as mean ± SD (Figure 16.D). 
The control cells have an elasticity of E = (2.2±0.5) kPa. 
Treatment with H2O2 causes a sudden increase in the 
value of Young's modulus to E = (14.5±1) kPa after 24 
hours. In contrast to the cells treated with H2O2 only, the 
neuronal cells treated simultaneously with quercetin and 
H2O2 have an elasticity of E = (8.8±0.9) kPa. This shows 

that their elasticity increased compared to the control 
cells, but this increase was much smaller than in cells 
treated with H2O2 alone. By measuring the elasticity of 
the cells, the protective role of quercetin was confirmed, 
manifested in the reduction of the effect of H2O2 on in-
creasing the cell stiffness. 

What could be the cause of the observed changes in 
their nanomechanical properties when neuronal cells are 
treated with H2O2? The cytoskeletal scaffold of neuronal 
cells and the connected cortical proteins hold the whole 
cell relatively tightly together and give it a certain shape 
and morphology. After treatment of neuronal cells with 
H2O2, reorganization of the entire cytoskeleton was prob-
ably induced, primarily in the form of cross-linking of the 
cortical proteins, resulting in an increase in the stiffness 
of the cytoskeletal structure. In the presence of quercetin, 
the internal reorganization of cortical proteins was sig-
nificantly reduced, i.e., the quercetin prevented the con-
formational change of important cortical proteins and the 
actin cytoskeleton in the cytoplasm. In summary, we 
briefly demonstrated how measuring nanomechanical 
properties by mapping elasticity in specific regions of P19 
neurons can indirectly infer underlying processes at the 
level of the cytoskeleton in the observed neuronal cell and 
provide important information in the context of cytotox-
icity of substances with therapeutic potential.

CONCLUSION

The many possible applications of AFM for researchers 
in medicine and life sciences have been described using 
examples from our earlier studies, which focused on 
model membranes and cells. AFM as a complementary 
technique to other biomedical methods is best suited as a 
tool for screening and monitoring nanomechanical 
changes at the cellular level. This article thus illustrates 
the great potential of AFM and its important role in 
medicine and life science research. 

Figure 16. (A) Feret dimensions and height of cells, (B) cell volume, (C) roughness parameters and (D) elasticity of control and treated neurons.
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