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Figure 1.1 Schematics of a typical model of the atomic force microscope. The cantilever deflects as it interacts 
with the sample, and this deflection is monitored by a laser beam displacement on the photodiode detector. Vertical 
(normal) and lateral force signals (FN and FL), but also recorded and sent to the digital 
signal processor (DSP). This component collects the signals from the detector and amplifies voltages from the DSP 
to move piezo tube element (XYZ voltages). Finally, computer controls the AFM system and collects all the data. 
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Figure 1.2 Illustration of the thermal noise calibration principle. (a) An AFM cantilever has been aproximated to 
a simple harmonic oscillatior with one degree of freedom. (b) Power spectral density plot of the cantilever 
fluctuations. 
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Figure 1.3

Figure 1.3 Laser beam deflection method for detecting cantilever deflection. A laser beam is focused on the back 
side of the cantilever, coated with reflexive material and reflected towards the photodiode detector, where the 
laser intensity is translated into voltage, tracking the cantilever deflection. 
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Figure 1.4

Figure 1.4 Typical AFM imaging modes. A) Schematic representation of contact, intermittent contact and non-
contact modes. B) Force-distance curve with operational ranges of  different AFM modes. Contact mode stays in 
the repuslive part of the curve, while intermittent contact moves between the attractive and repulsive areas of the 
curve. Non-contact mode is performed within the attractive regime. 





Figure 1.5



Figure 1.5 Schematic notation of force-distance curves. The approach curve (red) corresponds to the piezo 
element approaching the sample surface. In this region, the force is zero and it represents the baseline that needs 
to be used for signal correction. After the contact point, further deflection of the cantilever shows tip indentation 
of the sample. If elastic, the retract curve (blue) will take the same values back, up to the point where there is 
adhesive attraction of the sample. 
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Figure 1.6C

Figure 1.6 Cantilever tip load against the penetration depth for an ideally elastic (A) and ideally plastic (B) 
sample. (C) Force-distance curve for a semi-elastic sample (simplified real-life example). Modified from (23). 
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Figure 1.7 Selected biosensor subclasses: a schematic representation. Depending on the measured physical change 
in the transducer element, biosensors can be classified as electrical, thermal, optical, magnetic and mechanical. 
Each of the subclasses branch further, and listing all the possible biosensing methods would not be an easy task. 
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Figure 1.8 Two operation modes of cantilever biosensing: static mode (A) and dynamic mode (B). One-sided 
coating on the cantilever allows detection of ligand-receptor interaction by observing the static cantilever 
bending. In dynamic mode, the added mass changes the resonant frequency of the cantilever oscillations. 
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Figure 1.9

Figure 1.9 Functionalization procedures often used to promote attachment of biological systems (proteins, cells, 
etc.). For gold coated cantilevers, thiol-based compounds are used for gold functionalization, while on the silicon 
nitride side, APTES silanization and glutaraldehyde are combined to obtain amine or aldehyde active groups. 
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Figure 2.1 Some possible types of AFM experiments on cells. A) Imaging and nano-indentation experiments: in 
nano-indentation experiments the tip is pushed into the cell and the cantilever deformation is used to calculate 
the cell mechanical properties. B) Similar nano-indentation experiment, but in this case the AFM tip is replaced by 
a spherical bead to probe a wider area. C) Cell-cell interaction force measurement: Instead of the spherical bead 
a cell is attached to the cantilever end and its interaction (essentially adhesive forces) is measured by approaching 
it to another cell present onto the substrate. D) Single-molecule recognition: the AFM tip is coated with molecules 
that interact with other molecules present on a cell attached to the substrate. 

Figure 2.1
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Figure 2.2 Panel A) Schematics of an indentation experiment. The cantilever is approached onto the sample by 
distance z, and bent in the opposite direction for x, whil
by subtracting the cantilever deflection from the distance z. Correction of the height is represented in the bottom 
figure. Panel B) Schematic representation of a tip geometry as a four-sided pyramid. 
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Figure 2.3 Optical image of the cantilever ready to be approached onto the fixed osteoblasts for quantitative 
imaging. Using the inverted microscope and the XY stage positioner, cells are selected for imaging. 
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Figure 2.4 Topography, stiffness and adhesion maps of micropatterned osteocytes, imaged by the AFM. 

Figure 2.5
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Figure 2.5 Histogram plot of Young's modulus, adhesion force and height values for different cells grown under 
normal conditions. Imaged cells have varying height, somewhat different elasticity and rather similar adhesion 
profiles. 

Figure 2.6 Height, Young's modulus and adhesion force distribution comparison between static and other 
conditions: microgravity (A), pressure (B), and shear stress (C). 



Figure 2.7 Young's modulus maps of 10 osteoblasts exposed to different conditions: static (A), microgravity (B), 
pressure (C), and shear stress (D). Red color represents high stiffness values, while blue color – low. 

Figure 2.8

Figure 2.9

Figure 2.8 Nucleus contribution separation. Values for height, stiffness and adhesion were extracted from the 
corresponding maps by cutting out the section of the image containing cell nucleus. They are compared to the 
values from the rest of the cell. 



Figure 2.9 Height, Young's modulus and adhesion distributions for different conditions: static (A), microgravity 
(B), pressure (C), and shear stress (D). Nucleus area has been separated from the rest of the cell and its distribution 
is in blue. Distribution of values across the remaining cell area is in orange. 
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Figure 2.11 

Figure 2.12

Figure 2.10 Comparison of height distributions for nucleus area of cells exposed to different conditions. Static 
condition is compared to microgravity and pressure (top), and to shear stress (bottom). Corresponding boxplots 
are presented on the right. 



Figure 2.11 Comparison of Young’s modulus distributions for nucleus area of cells exposed to different conditions. 
Static condition is compared to microgravity and pressure (top), and to shear stress (bottom). Corresponding 
boxplots are presented on the right. 

Figure 2.12 Comparison of adhesion distributions for nucleus area of cells exposed to different conditions. Static 
condition is compared to microgravity and pressure (top), and to shear stress (bottom). Corresponding boxplots 
are presented on the right. 



Figure 2.13 

Figure 2.13 An osteoblast cell investigated with an AFM (height - left, stiffness - middle) and fluorescence 
microscopy (right), after simulated exposure to microgravity. 
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Figure 2.14d

B. pertussis

Figure 2.14 Representative force -piezo displacement measured with an anti-FHA functionalized tip on B. 
pertussis Tohama I cells supported on glass. (a) Nonspecific tip–sample interactions, (b) one adhesion event, (c) two 
adhesion events in the same FD curve that doubles the typical adh, and (d) a FD curve with three specific antibody–
antigen interactions at different distances followed by a latter “tether” event (shown by the red arrow) characteristic of 
the dissociation of a membrane nanotube generated during the retraction of the cantilever. 
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Figure 2.15 Adhesion force histograms of the interaction of an anti-FHA functionalized tip and FHA present on 
the surface of 12 cells of B. pertussis Tohama I at time = 0 and time = 40 min (a, b). All curves were obtained using 

c, d) The distance histogram at which the 
rupture events plotted in the force histograms occurred for the two times studied. 

Dynamics of recognition events on individual bacterium. Force and elasticity maps 
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Figure 2.16 (a) Force–volume image of three individual B. pertussis Tohama I cells acquired with a functionalized 
tip. (b) The specific recognition events between FHA–anti-FHA on the surface of cells shown in (a) are represented 
in the corresponding histograms for 
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Figure 2.17 (a) The circled area (red line) represents the contact zone between two bacteria (iii and ii in Fig. 3a), 
where it is possible to observe an increase in the recognition events after 40 min (b and c). The same contact area 
in the elasticity maps (d and e) 
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Figure 2.18 Atomic force microscopy images of 7-day-old Arabidopsis thaliana cotyledons. (a) Height, (b) Young’s 
modulus (stiffness) and (c) adhesion maps were obtained. Five cotyledons were analyzed in this work, 
representative images were chosen for each map. 
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Figure 2.19 Quantitative analysis of atomic force microscopy results. (left) Young’s modulus, (middle) adhesion 
and (right) height were measured. Error bars represent the means of 15 to 20 pavement cells parameters obtained 
from five cotyledons (±SD). Statistical significance in pair-wise comparison control vs treatment was evaluated by 
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Figure 3.1 Panel A: schematics of the technique’s working principles: a laser beam is focused on the cantilever 
sensor and reflected back to the photo-diode detector, tracking the motion of the cantilever, induced by the 
presence of living specimens attached. Panel B

 

Instrument and cantilever selection 

Figure 3.1, panel B



Cantilever functionalization 

Sample attachment 



Figure 3.2

Figure 3.2 Graphical representation of the functionalization and the attachment protocol. A) ~20 l of 
functionalizing chemical is deposited on the cantilever side of the chip, for 10 minutes. B) One milliliter of ultra-
pure water is used to wash out the residual chemical. The cantilever is let to dry (5 min). C) ~20 l of suspension 
of the sample is deposited on the cantilever side of the chip for 35 minutes. D, E) Chip is immersed in and out of the 
culture medium for few times and observed under optical microscope for validation of the sample attachment. 
This step has to be done carefully and is specific to each sample. F) A good attachment yield with sufficient number 
of bacteria and no loosely attached groups (clumps). 
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Figure 3.3



Figure 3.3 Correlation between the optical images (A) and the variance (B) of the nanomotion signal. The 
increase in variance happens following the rearrangements of the cellular actin networks, before and during the 
division. 

Fluid exchange system 
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Figure 3.4 Panel A: Nanomotion deflection signal recorded while the attached Bordetella pertussis were in 
growth media (blue) and in the presence of the antibiotic (red). Panel B: the same signal, flattened and centered 
around zero. Linear fit over 200s window has been applied. Panel C: Variance of the flattened deflection signal. 
For every 10s of the signal, variance has been calculated and plotted as it evolves in time for both conditions. Panel 
D: Normalized variance averages for the selected areas on variance plot. Blue bar shows 100% value, while the 
red bar represents the variance average calculated 10min after the drug exposure, and shows the reduction of 
fluctuations to less than 20%. Panel E: Another way of analyzing the signal. Log-log plots of deflection signals 
power spectra, obtained by applying Interval Weighted Spectral Averaging (IWSA) method for three cases: 
cantilever without living specimens (left tussis (middle right). Green curves 
refer to untreated, black to treated bacteria or bare cantilever. In all cases a sliding regression window was 

values are indicated in each panel. 



Figure 3.4, panel E Figure 3.5

Figure 3.5 FFT analysis of oscillatory movement in growth media (blue) and in the presence of the antibiotic 
(orange). 
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Cantilever functionalization and sample attachment 

Figure 3.6 Bacterial attachment yield and viability assessment after different cantilever functionalization 
procedures: poly-L-lysine, APTES, poly-dopamine, fibrinogen and fibronectin, respectively. Green – viable bacterial, 
red (yellow) – dead cells. 

Figure 3.6

E. coli

Figure 3.7 



E. coli

Figure 3.7 Glutaraldehyde attachment test. Two concentrations of the chemical were used in combination with 1 
or 4 centrifugation steps and two suspension concentrations, in order to assess the optimal preparatory procedure 
for the attachment with the best yield. 



Figure 3.8 Bacterial cell viability test after the described attachment procedure. Optical image (left) of the 
cantilever with different bacteria attached using glutaraldehyde-functionalized surface, and (right) LIVE/DEAD 
BacLight staining of the same bacteria shows most of them survived the procedure. Panel A: Bordetella pertussis. 
Panel B: Streptococcus agalactiae. Panel C: Staphylococcus aureus. 
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Nanomotion as a susceptibility testing tool 

Figure 3.9 

Figure 3.9 An example data of the cantilever oscillations before attaching bacteria on it (gray), once bacteria are 
attached (blue) and during the antibiotic exposure (red). It is evident that the presence of bacteria on the 
cantilever induced additional oscillatory movement which goes away after certain time of the antibiotic exposure. 



Figure 3.10 

Figure 3.10 An example of the nanomotion drug susceptibility assay using a in-house-made instrument. The 
response of B. pertussis to ampicillin at the MBC value (5.0 g/mL). Panel A: The evolution of oscillation variance 
across the entire experiment. 1h long measurements recorded in growth media and in growth media and 
antibiotic. A clear decrease in variance supports the premise of bacterial death due to the antibiotic action. Such 
signal is transformed into the normalized variance (Panel B), averaging the two conditions separately (after 20 
min of each condition’s start). Panel C: 15 min cuts that represent the cantilever deflection used to calculate the 
variance. Boxplots are obtained using the same data as those in panel C (Panel D). 



Figure 3.11 An example of the nanomotion drug susceptibility assay using a commercial AFM (JPK). Graphs 
represent the response of the attached E. coli cells to ampicillin (susceptible strain – top, and resistant strain – 
bottom). Each case has two optical images showing the starting and the ending phases of the experiment. 



Figure 3.11, E. coli top
bottom

E. coli

E. coli

Figure 3.12 Optical and fluorescent images of the cantilever with E. coli bacteria attached. Live/Dead staining 
shows the viability of the stained cells (green - viable, red - non viable). Panels A-B-C show the cantilever with 
freshly attached bacteria, while panels D-E-F show the cantilever after the nanomotion experiment using 
ampicillin as a drug. 



Figure 3.12 

Table 3.1 Some examples of bacteria - antibiotic combinations tested using nanomotion technique. In the table, a 
sample type is named, stated which antibiotic and at what concentration, what is the percentage change from 
100% in growth media, and time after which the average is calculated. 

Table 3.1

Staphylococcus aureus
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coli 

E. coli 



Figure 3.12 MIC and MBC assessment using nanomotion. Panel A: The evolution of variance throughout the 
addition of increasing concentration of ampicillin to the attached E. coli c1895 bacteria. Each color represents a 
single ampicillin concentration. Panel B: averages of the variance presented in the panel A, for each concentration. 
Panel C: Time-kill curves as linear fits to the variance line plot from panel A. Panel D: Slopes of time-kill curves 
for each antibiotic concentration. 

Figure 3.12 Panel A

Panel B

Panel C

Panel D



Figure 3.13

Figure 3.13 Nanomotion investigation of bacteriophage infection process. The addition of phage particles with 
calcium ions at first increases the oscillation signal, then reduces it to basal levels. 
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Figure 3.14
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Figure 3.14 Outline of the experimental setup and description of the experiments. Panel A: Schematics of a 
nanomotion detector setup with the cantilever sensor - a laser beam is focused on the surface of the sensor and the 
reflection is used to monitor the movements of the cantilever. Panel B: Representation of a typical nanomotion 
susceptibility test. When the bacteria are not attached to the sensor, the fluctuations are driven only by thermal 
motion and are low. After the attachment of live bacteria, the fluctuations are linked to their metabolic activity 
and are high. Finally, after exposure to a bactericidal drug, the bacteria are non-viable and the fluctuations return 
to low levels. 
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Figure 3.15 Variance evolution throughout the experiments – effect of ampicillin (A), ceftriaxone (B) and 
ciprofloxacin (C) on E. coli. Typical examples of the resistant E. coli strain (top) and the susceptible strain (bottom) 
are presented. Blue colour shows the variance of sensor’s movement while only nourishing media is present in the 
system. The presence of antibiotic and the corresponding variance trend is shown in dark red. The area shaded in 
grey is used for averaging and presenting as change (in %) on the second panels of the figure. 



Table 3.1 Summary of the nanomotion-AST measurements and their evaluation against a conventional technique. 
16 tests matched the correct response. * Change in percentage represents how much of a signal is present after the 
drug injection, compared to the measurement in LB. The calculations were done after 40, 50 and 20 minutes of 
exposure to ciprofloxacin, ceftriaxone and ampicillin, respectively. ** N/A – not applicable, as the measurement 
failed due to a technical issue. 

Species
Sample 

ID
Antibiotic

Concentration 
( g/ml)

Nanomotion-
AST result

(before 
defining the 
threshold)

Correct 
(YES 

or NO)

Change*
(%)

Es
ch

er
ic

hi
a 

co
li

101 Ciprofloxacin 2 Resistant YES 184
102 Ciprofloxacin 2 Susceptible YES 49
103 Ciprofloxacin 2 Resistant YES 190
104 Ciprofloxacin 2 Susceptible YES 28
105 Ciprofloxacin 2 Resistant YES 88
106 Ciprofloxacin 2 Susceptible YES 24
100 Ceftriaxone 2 Susceptible YES 27
200 Ceftriaxone 2 Susceptible YES 32
107 Ceftriaxone 2 Resistant YES 104
207 Ceftriaxone 2 Susceptible NO 80
108 Ceftriaxone 2 Resistant YES 86
208 Ceftriaxone 2 Resistant YES 97
110 Ampicillin 16 Susceptible YES 18
210 Ampicillin 16 Resistant YES 99
111 Ampicillin 16 N/A** N/A** N/A**
211 Ampicillin 16 Susceptible YES 22
112 Ampicillin 16 Resistant YES 78
212 Ampicillin 16 Susceptible YES 10

Figure 3.16 Table 3.2

Figure 3.16



Figure 3.16 Plot of change values from table 1, representing the percentage change of oscillatory movements 
before and after the addition of drugs. Susceptible strains fall below 60%, meaning that the addition of drug is 
reducing the oscillations for more than 40%. However, the resistant strains produced either unchanged movement 
(100%), increased movement, or movement with subtle change (lower limit around 80%). Therefore, a threshold 
value of 60% could be defined as a marker for distinguishing susceptible from resistant strains. 
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B. pertussis Figure 3.17

Figure 3.17 Variance of the cantilever oscillation signal in time. B. pertussis cells were attached to the cantilever 
and tracked during 13h of incubation in SS media. Panel A: Line plot of the variance against time. Panel B: 
Variance averages of 1h window better reflect the increase in oscillations throughout time. 

B. pertussis

Figure 3.18



Figure 3.18 Panel A: Boxplots of the cantilever oscillation movement with  cells adhered and 
incubated in SS medium with and without the addition of clarithromycin (5 g/mL). Panel B: Normalized variance 
averages across 15 minutes of incubation time (15 minute averages were taken after 40 minutes of incubation in 
the medium or antibiotic). 

B. pertussis

Figure 3.19



Figure 3.19 Boxplots of cantilever movement with BPSM (streptomycin resistant) strain adhered and their 
corresponding variance averages. Panel A: After the introduction of streptomycin, boxplots suggest higher 
oscillation amplitudes, and variance bars confirm an increase in the movement. Panel B: Signal comparison 
between the exposure to medium and co-trimoxazole. Boxplots show a decrease in oscillation amplitudes, and 
variance bars support the same conclusion. The responses are connected with resistance (A) and susceptibility (B) 
of bacteria to the applied antibiotics. Variance bars are 15 min averages, taken after 40 min of incubation in the 
medium or the antibiotic). 

B. pertussis



Figure 3.20

B. pertussis

Figure 3.20 Normalized variance of the cantilever movement obtained when  was exposed to different 
concentrations of clarithromycin (Panel A) and ampicillin (Panel B). MIC and MBC values obtained by the 
conventional methods in parallel are marked in red. Results suggest a potential application of such a method for 
obtaining MIC and MBC values in a much shorter time frame. Each bar corresponds to 30-minute average. 
Considering that clarithromycin and erythromycin need at least 40 minutes of exposure for an effect to take place, 
the variance average is shown to be higher, whereas in case of ampicillin, the MIC action takes place within the 
variance average and the resulting value at MIC is lower that on the condition without the antibiotic. 
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Figure 3.21 Panel (a): Schematic of a mammalian cell with labelled organelles, zoom on the mitochondrion 
showing its structure and most important components of the inner membrane (Complexes I-IV and ATP synthase). 
Panel (b): Krebs cycle (citric acid cycle) showing the sequence of metabolic reactions that generate energy within 
mitochondria. 

Solutions and buffers. 



Mitochondria isolation. 

AFM imaging. 

Mitochondria attachment procedure. 

Data acquisition and processing. 

Figure 3.25



Figure 3.22 The AFM image of isolated mitochondrion attached to glass, in buffered conditions. Structure shows 
2.5 m length, 2 m width and 1.1 m height. Force-distance curves from positions marked on the AFM image are 
shown on the right. The top figure (a) shows the stiffness of the substrate, while the other one (b) shows the softness 
of the biological structure. 

Figure 3.22

Figure 3.23

Figure 3.24



Figure 3.23 The evolution of variance throughout the experiment. Variance was calculated from the deflection 
data for each measurement. Different colors represent different conditions to which mitochondria were subjected. 

3, rotenone). 
Variance increases with the addition of substrates and decreases in presence of the inhibitors. 

Figure 3.24 Panel a: Deflection of the cantilever with mitochondria attached. The recordings were made while 
the buffer with substrates (malate, pyruvate, ADP) was present in the analysis chamber. Figure shows a section of 
5-minute oscillations. Panel b: A typical image of mitochondria attached to the cantilever. 

Figure 3.25



Figure 3.25 Normalized and averaged variance over the 15-minute intervals in conditions of a plain buffer, 
buffer with substrates and lastly, with the inhibitor. Dark grey represents values without any mitochondria on 
the cantilever as a control, while light grey values show variance changes with the attached mitochondria. The 
two-sample t-

mitochondria with the addition of substrates. 

Figure 3.23





This section contains manuscript in preparation: 

Cell viability testing through nanoscale motion



Drugs and Chemicals.

Cells and Cell Culture

Assessment of cell proliferation in real-time



Nanomotion sensor preparation

Figure 3.26 Schematic representation of the set-up on cantilever.1: Representation of the cantilever before the 
2: Sensor attaching the cells, 3: Cells attached to sensor, graph 

represents the fluctuations produced by cells adsorbed on sensor surface. 

Experimental procedure



Figure 3.26

Figures 3.27, 3.28 and 3.29

Figure 3.27 Non-small cell lung carcinoma cell lines on nanomotion sensor. Deflection of the sensor (top) and 
corresponding variance(bottom) for NCI-H460 (a) and NCI-H460/R (b) cells. The traces represent 21min of 
recording for growing medium. DOX was injected at 21st minute. The error bars represent the variation of the 
variance values in measurements performed in similar conditions. 



Figure 3.28 Colorectal carcinoma cell lines on nanomotion sensor. Deflection of the sensor (top) and 
corresponding variance (bottom) for DLD1 (a) and DLD1-TxR (b) cells. The traces represent 15min of recording 
for growing medium. DOX was injected at 15th minute. The error bars represent the variation of the variance 
values in measurements performed in similar conditions. 

Figure 3.29

Figures 3.27, 3.28 and 3.29

Figure 3.20

Figure 3.29 Glioblastoma cell lines on nanomotion sensor. Deflection of the sensor (top) and corresponding 
variance(bottom) for U87 (a) and U87-TxR (b) cells. The traces represent 45min of recording for growing 
medium. DOX was injected at 45th minute. The error bars represent the variation of the variance values in 
measurements performed in similar conditions. 



Figure 3.30 Summary of the results normalized to the measurements in growth media. Bars represent variance 
values from figures 49, 50 and 51, for growth media (set to 100%) and corresponding values for doxorubicin 
exposure. 

Figure 3.31, panels 1-2



Figure 3.31 Images of cells attached to the sensor: 1) Optical image of 4 cells attached at the beginning of the 
experiment. 2) Optical image of cells at the end of the experiment. 3) Fluorescent image of cells at the end of the 
experiment. The drug used (doxorubicin) is self-fluorescent, accumulating in the nucleus. 

Figure 3.31, panel 3

Figure 3.32



Figure 3.32 Correlation between the optical images and the nanomotion signal. Graph represents the evolution 
of variance throughout the experiment while cells were in growth media (blue) and exposed to the drug – 
doxorubicin (red). There are several phases denoted with numbers: attachment, spreading, drug action and 
detachment. Corresponding optical images are presented on the top. 





Mechanical effect 

E. coli 
Figure 3.33

E. coli

E. coli



Figure 3.34

Figure 3.34 right

Figure 3.33 Schematic of the cantilever and the attached bacterium, for purposes of highlighting comparability 
in dimensions of the cantilever (thickness) and the bacterium (radius). 

Figure 3.34 Top - Variance of the signal arising from cantilever oscillation while bacterial cells were subjected to 
growth media alone and with the addition of glucose at starting point and 1h later (left) or NaCl (right). Bottom 
- Results from the conventional plate swarming assay. Bacteria with flagella are swarming and that makes a 
blurry circle (A), while non-flagellated cells remain as a confined single colony (B). 



Figure 3.35 Two attached cells spread consecutively and the nanomotion signal detects each individual 
contribution to the overall variance. Top: variance evolution with a visual guide – red dashed line. Bottom: 
Snapshots of cells in the process of a consecutive spreading on the cantilever surface. 

Figure 3.35

Figures 3.3 3.32 3.35



Figure 3.3

Saccharomyces cerevisiae

Figure 3.36

Figure 3.36 Saccharomyces cerevisiae cell attached to the cantilever apex and investigated using nanomotion 
technique. Oscillatory signal’s variance shows a slight reduction of the noise level after detachment of a single 
yeast cell. 



E. coli 

Thermal effect 

Figure 3.13 



Figure 3.37 

Figure 3.37 Mitochondrial respiratory activity detected via nanomotion technique. The attached mitochondria 
were subjected to three conditions as follows: respiratory buffer, buffer with the addition of substrates, and with 
DNP. 

Figure 3.38 Cantilever coated with gold only on its apex was used in a nanomotion experiment to investigate the 
response of Staphylococcus aureus against ceftriaxone. 



Figure 3.38

Optical effect 

E. coli 

Figure 3.39 

Figure 3.40 



Figure 3.39 Chip surface in bacterial suspension. Deflection data and corresponding FFT of the signal from the 
chip surface under: growth media, growth media with bacterial suspension, and antibiotic in addition to the latter. 

Figure 3.40 Chip surface with the attached bacteria. Deflection data and corresponding FFT of the signal from 
the clean chip surface, the one with bacteria attached and with the introduction of antibiotic. 



Figure 3.41

Figure 3.41 Cantilever with attached bacteria under retracted and approached states. Both states are subjected 
to clean growth media and the one enriched with antibiotic. 



Local pH effect 

E. coli

Figure 3.42 Deflection of a cantilever in response to different pH. 

Figure 3.42 
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The script allows processing of Real-Time Measurement files obtained using JPK instruments. It is eas-
ily adaptable for any other files containing nanomotion signal. After running, it will open a file dialog
to choose multiple files intended for the analysis, import them into a variable y, and use the sampling
frequency stated. Imported signals are then flattened using a jumping window technique (of desired size),
utilizing a linear (or a polynomial) fit in each window. After flattening, jumping window is also applied
in order to calculate the variance in the desired time frame. The final step is plotted and represented as a
line plot of variance evolution through time.

Loading files (just the vertical deflection)
% Clears the workspace
clear all
clc

% Opens a file dialog and allows you to choose multiple files for the
 analysis
[FileNames PathNames]=uigetfile('*.out', 'Chose files to
 load:','MultiSelect','on');
FileNames=cellstr(FileNames);

h = waitbar (0,'Loading...');
for i=1:length(FileNames)
    c=[];
 Path{i}=fullfile(PathNames, FileNames{i});
    fileID{i} = fopen(Path{i});
    while ~feof(fileID{i})

The following line is to be changed according to the file structure If files have only single column con-
taining the data, use:
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        C = textscan(fileID{i},'\t%f',10000);

% Otherwise look for the "Vertical Deflection" column, and star others
% This part if for opening *JPK Real-Time Measurement* files
% Comments are ignored, in this case, character "#"
        %C = textscan(fileID{i},'%*f %*f %f %*[^\n]',10000,
 'CommentStyle', '#');

        c=[c,C'];

    end
    fclose(fileID{i});
    y{i}=cell2mat(c');

    % Print file names without any extension
    test=regexp(FileNames{1}, 'out','ONCE');
    if isempty(test)
        Names{i}=FileNames{i};
    else
        [~,Names{i}]=fileparts(FileNames{i});
    end
    waitbar (i/length(FileNames),h);
end

Names=cellstr(Names);
close(h);
disp('Files are loaded successfully!')
clear ans c C fileID FileNames h i mm Path PathNames test

Files are loaded successfully!

Plot of the imported file(s)
This plot is to be avoided due to unnecessary memory consumption. It represents the necessity to use
flattening for further analysis.

fileNumber = 1;
figure('Name', 'Raw Data Plot')
plot(y{fileNumber})
title('Raw signal in time', 'Color',[0 0.4 0.6])
xlabel('Time [number of points]')
ylabel('Vertical Deflection [m]')
legend(Names{fileNumber})
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Sampling frequency
This part automatically sets the sampling frequency of 20kHz Change according to the experimental setup.

ft = 20000;

Flattening
The following code flattens the signal as described in the description.

First, an X axis is needed for fitting

for i=1:length(y)
    x{i}=(1:length(y{i}))';
end

The window size is configured here (incorporated in the script for easier flow). It should be stated in
seconds.

n = 200; % Window size of 200 seconds

Now fitting takes place, saving coefficients into a variable coeffs, which is a cell array.

% Order of the polynomial fit, default = 1;
order = 1;
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n = n * ft;
for ii=1:length(y)
    for k=1:length(y{ii})/n
        coeffs{ii}(k,:)=polyfit(x{ii}(n*(k-1)+1 : k*n),y{ii}
(n*(k-1)+1 : k*n),order);
        yfit{ii}(k,:) = polyval(coeffs{ii}(k,:), x{ii}(n*(k-1)+1 :
 k*n));
    end
end

% Setting vectors within the cell array to be of the same size
for ii=1:length(y)
    dd{ii}= subsref(yfit{ii}.', substruct('()', {':'})).';
    y{ii}=y{ii}(1:length(dd{ii}))-dd{ii}';
end

clear coeffs dd i ii ws yfit

Please note that at this stage, the initial variable y has been overwritten! If both raw and flat signals
are desired, change the variable name in the last FOR loop.

Plot of the flattened signal(s)
This plot is to be avoided due to unnecessary memory consumption. It shows the flat version of the chosen
signal.

figure('Name', 'Flat Data Plot')
plot(y{fileNumber})
title('Flattened signal in time', 'Color',[0 0.4 0.6])
xlabel('Time [number of points]')
ylabel('Vertical Deflection [m]')
legend(Names{fileNumber})
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Variance Calculation
The final step of our processing aim is to calculate the variance in a windowed manner, and show how it
evolves in time. The code below does that and plots variance lines of all imported and flattened signals.

Variance window is configured here. It is chosen to be 10 seconds, but can be changed if desired.

n = 10; % Window size of 10 seconds

Now, variance is calculated in a jumping window, or in chunks. Then, X-axis is also generated and pre-
sented in minutes.

n = n * ft;
for i=1:length(y)

    for k=1:length(y{i})/n
        a(k)=var(y{i}(n*(k-1)+1:k*n));
    end

    v{i}=a;
    a=[];
end

t{1}=1:length(v{1});
for i=2:length(y)
    t{i}=t{i-1}(end)+[1:length(v{i})];
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end

Color = repmat({[0.4 0.1 0.2], [0 0.3 0.4], [0.1 0.5 0.8], [0.3 0.3
 0.5], [0.5 0.7 0.6]},1,20);

figure('Name', 'Variance Evolution');
hold on
for i=1:length(v)
    plot(t{i}.*((n/ft)/60), v{i}, 'Color',Color{i})
end

xlabel( 'Time [minutes]');
ylabel('Variance [a.u.]');
title('The evolution of variance','Color',[0 0.4
 0.6], 'FontName','Cambria','FontSize',13);
legend(Names)
%axis([0 inf 0 16e-4])

Published with MATLAB® R2015b



NanoSignal

Figure A1 NanoSignal: translating small vibration into big information. 
A simplified class diagram without showing methods and member variables. 



Figure A1
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Figure A2  A3 

Figure A2 NanoSignal screenshot. Main window of the application with open notebook and plotting widgets. 



Figure A3 NanoSignal screenshot. Main window of the application with variance calculation steps. 

italic text

Main 

 

MainWindow (QMainWindow) 

 
 

 
 

private slots not listed 



System 

 
 

 
 
 
 

 
 

 
 

void doPlot(int,  
 

 
 

 
 

 
 

 
void  
std::map<st  

Data 

void reorderVec(vector<T> &v, vector<size_t> const &order) 
 

voi  

Process 

struct  

 



 
 

 
 

 

Reader (Process) 

 
 

 

Flattener (Process) 

 

Filter (Process) 

 

Fourier (Process) 

 

Variance (Process) 

 
 

 
 

dataType getMean  



 
 

 

Manipulation (QDialog) 

 
 
 

 
 

 
void  

CustomPlotZoom (QCustomPlot) 

 
 

void mouseReleaseEvent(QMouseEvent * e  

Notebook 

 
 

void extractSettings(std::map<std::string, in  
 

 

Plotter 

 
void setMinMaxRange(dataType, dataType)  

 



 
 

 
 
 

PolynomialFit – additional header 
std::vector<T> polynomialFit(vector<T>& x, vector<T>& y, int n) 
std::vector<T> linearfit(vector<T>& x, vector<T>& y) 

FFT – additional header 
void FFT(int dir, uns  
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