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Abstract 

Testing devices based on cell tracking are particularly interesting as diagnostic tools in medicine 

for antibiotics susceptibility testing and in vitro chemotherapeutic screening. 

In this framework, the application of nanomechanical sensors has attracted much attention, 

although some crucial aspects such as the effects of the viscous damping, when operating in 

physiological conditions environment, still need to be properly solved. To address this problem, 

we have designed and fabricated a nanomechanical force sensor that operates at the interface 

between liquid and air. 

Our sensor consists of a silicon chip including a 500 µm wide 𝑆𝑖3𝑁4 suspended membrane where 

three rectangular silicon nitride cantilevers are defined by a lithographically etched gap. The 

cantilevers can be operated in air, fully immersed in a liquid environment and in half wetting 

condition, with one side in contact with the solution and the opposite one in air. The formation of 

a water meniscus in the gap prevents the leakage of medium to the opposite side, which remained 

dry and is used to reflect a laser to measure the cantilever deflection. This configuration enables 

to keep the cells in physiological environment while operating the sensor in dry conditions.  

The performance of the sensor has been applied to monitor the motion and measures the forces 

developed by migrating breast cancer cell. The functionalization of one side of the cantilever and 

the use of a purposely designed chamber of measurements enable the confinement of the cell only 

on one side of the cantilever.  

Our data demonstrate that this approach can distinguish the adhesion and contraction forces 

developed by different cell lines and may represents valuable tool for a fast and quantitative in-

vitro screening of new chemotherapeutic drugs targeting cancer cell adhesion and motility. 
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Introduction 

Micro-mechanical cantilevers, developed as the sensing part of an Atomic Force Microscope 

(AFM), demonstrated promising applications also as independent sensors, thanks to their 

capability of measuring the change of surface stress, adsorbed mass and heat dispersion. Originally 

focused on material science [1] have been extended to biology, medicine and clinical diagnostic 

applications [2,3].    

Recently, a novel application for microcantilevers called AFM-nanomotion detection has been 

proposed [4]. This technique allows detecting nanometric scale oscillations of living cells attached 

on commercial cantilevers. Their presence on the cantilever surface induces dynamic deformations 

which can be recorded in time. The time evolution of this motion can be further correlated with 

the viability and metabolic state of living specimens [5]. Nanoscale vibrations have been observed 

for different cells like bacteria [6], plant and mammalian cells [4]. 

Although this technique represents major advance in the direction of a label-free, sensitive and fast 

method to detect the motion of living cells  [7–9],  it suffers from several important limitations.  

Commercial cantilevers when used as biological sensors are typically soaked in a physiological, 

mostly a water-based, medium. This condition does not affect significantly their response when 

operated in static mode, for instance measuring the deflection induced by a molecular reaction 

occurring at the cantilever surface [10], but it becomes a serious limitation when they are operating 

in dynamic mode.  For instance, the molecular mass deposited on a cantilever can be evaluated by 

measuring its resonance frequency variation; in this case, the viscous damping of the medium 

significantly broadens the frequency response and reduces the frequency shift sensitivity [11].  

A first attempt of minimizing the effect of liquid immersion was proposed by Melli et al. [12], 

who used a superhydrophobic surface to limit the sensor interaction with the biological solution, 

but still detected the mass variation in vacuum. A very sophisticated alternative was proposed by 

Manalis group [13] who, with an abrupt change of perspective, moved the liquid environment 
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inside the cantilever, fabricating an oscillating microfluidic channel. A simpler, and most effective 

approach, was proposed by Oesterschulze’s group who demonstrated that, by a suitable geometry, 

it is possible to put only one side of a cantilever in contact with the liquid, while maintaining the 

resonance performance of air operation [14,15]. Further drawbacks of fully soaked cantilevers 

include the presence of refraction index inhomogeneities, liquid turbulence or the presence of cell 

debris which could further affect the system response.  

Furthermore, any kind of biosensors must be functionalized with appropriate molecules to 

facilitate cell interactions or adhesion. Such procedure, when applied to fully immersed 

cantilevers, generally creates a coating on all the exposed surfaces  [10,11], resulting in cells grown 

on both cantilever sides. As a consequence, both the presence of cells on the back side, where laser 

is focused, can interfere with laser deflection, and cellular forces are applied on opposite sides, 

which could balance each other, providing misleading results. 

Finally, since the liquid environment operation makes the cells mass measurement very difficult 

due to the poor-quality factor of the sensor, the mass measurements must be performed in air after 

fixation, and mass evolution in physiological process such as cell growth and replication cannot 

be investigated. 

To overcome all these limitations, we propose a novel sensor called half-wet nanomechanical 

(HWN) sensor, which, thanks to its peculiar design, can operate in half wetting condition. In this 

work we characterise the mechanical features of the sensor and we demonstrate the ability of the 

HWN sensors to detect the motility and the forces developed by different breast cancer cells during 

adhesion and motion process.  
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Materials and Methods  

Design and fabrication of HWN sensor 

To explore a wide range of mechanical forces, suspended microcantilever with three different 

lengths 50 µm, 100 µm and 200 µm, and 30 μm of width were fabricated (Fig. 1a). The chips with 

suspended cantilevers were fabricated using conventional micromachining approach and started 

from a 500 μm thick silicon wafer coated on both sides with a 2 μm thick low-stress LPCVD 

silicon nitride (𝑆𝑖3𝑁4).  

At first, a 150nm thick chromium film was deposited on both sides by DC magnetron sputtering; 

a positive photoresist (MEGAPOSIT™ SPR™220 1.2) was spin-coated at 3500 rpm for 45 

seconds on both sides and pre-baked at 115°C for 1 minutes and 30 seconds; a double-sided aligned 

exposure by standard proximity UV lithography using two masks allow the resist patterning: the 

upper mask contains the cantilevers pattern while the lower mask the structures for the windows 

definition. After resist development, the pattern was transferred into the chromium film by wet 

etching process, in a mixture of water, acetic acid (𝐶𝐻3𝐶𝑂𝑂𝐻), and ceric nitrate ammonium 

(𝐶𝑒𝑁𝐻4) 2 (𝑁𝑂3) 6. Then the exposed 𝑆𝑖3𝑁4 was dry etched: for the windows structures, by 

reactive ion etching (RIE) using a mixture of CF4/O2 (150W, 100V bias); for the cantilever by 

inductively coupled plasma RIE (ICP-RIE), using a mixture of SF6/C4F8/O2 (240W, 50V bias). 

The 𝑆𝑖3𝑁4 cantilever were released by wet etching in KOH solution (30 wt %, 80°C). In the 

following, the 𝑆𝑖3𝑁4 surface that was previously in contact with the bulk silicon wafer will be 

referred as the “laser-side”, while the opposite surface will be referred as the “cell-side”. Finally, 

the chromium mask was removed in etchant solution. The chip with the suspended cantilevers 

were characterized by scanning electron microscopy (SEM) (Fig. 1b, c).  
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We fabricated and tested gaps with different width (2, 4, and 8 µm) surrounding the cantilevers 

for the optimization of the half wetting condition, such as to reduce the solution leakage through 

the cantilever gap (the wider the gap higher the leakage probability) and minimize the meniscus 

elastic response (the narrower the gap the stiffest the meniscus response).  

The chips were further cleaned in O2 plasma oxygen (1 min, 40 W, Bias 100 V) and coated with a 

Ti-20nm – 50nm Au thin film on the back side to improve the laser reflectivity. 

 

 

Figure 1: Cantilever geometry a) Schematic diagram of bottom and side view of suspended cantilevers; SEM image 

of a suspended cantilever array etched on 𝑺𝒊𝟑𝑵𝟒 membrane: b) Cantilevers with a width of 30 μm, a gap of 4 μm, and 

200 μm, 100 μm and 50 μm long, respectively; c) Magnified view of the area indicated by a red square in (b) to 

highlight the area of the gap, as indicated by the white arrow. 
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Functionalization of the cantilevers   

The HWN sensor surface was functionalized with a 3-amino-propyl-triesthoxysilane (APTES) 

monolayer, an aminosilane commonly employed in biosensors applications that creates a 

monolayer, which facilitates cell adhesion by exposing amino groups on the surface, as 

demonstrated by several studies [18–22].  

Often APTES-based treatments is performed in solution  resulting in the functionalization of both 

sides of the cantilever [5,6]. We use an alternative protocol based on vapor phase deposition, as 

described in literature [23,24],  to functionalize only the cell side of the sensor, while keeping the 

laser side of the cantilever free from contaminant that can affect laser reflectivity. Such a 

functionalization protocol was used to develop a low-cost CMD-based patterned surface for 

biosensing applications.   

In detail, the chips with the laser side facing downwards were attached on a silicon substrate using 

a Kapton tape and then underwent to plasma O2 process (1 min, 40W, 100 bias), both to clean the 

substrate and to expose the silanol groups on the surface for the following functionalization 

process. A glass Petri dish filled with 300 µl of APTES was placed on the bottom of a glass vacuum 

chamber maintained at 10-3 - 10-5 mbar, and warmed at 50°C. The sample was mounted upside 

down 20 cm above the Petri dish and exposed to APTES vapour for 4 hours, and then further 

annealed for two hours at 120°C in a separated vacuum oven.  

The cantilever functionalization was verified by contact angle (CA) measurements (Fig. S1) 

carried out on a DataPhysics OCA 15Pro optical instrument (DataPhysics Instruments GmbH, 

Germany) by placing 2 μL of Milli-Q water onto 𝑆𝑖3𝑁4 surfaces before and after functionalization 

process at ambient temperature. The average CA values were obtained by averaging over four 

different positions on three samples. We measured (79 ± 3) ° for 𝑆𝑖3𝑁4 surface one hour after the 

APTES deposition process.  
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Calibration of cantilever  

 

The spring constant of the fabricated cantilevers was calculated using a rectangular commercial 

cantilever NSC18/AIBS (μMasch) as reference probe, with comparable length, width and 

thickness, whose spring constant was previously evaluated by the thermal noise procedure [25,26]. 

To perform the measurement, the reference probe was mounted on the AFM-tip holder and the 

cantilever to be evaluated was fixed on glass coverslip with double-sided tape. A sketch and 

explanation of the calibration procedure is displayed in Fig. S2. Finally, to convert the cantilever 

deflection into force, we evaluate the cantilever sensitivity using the non-contact approach of the 

JPK- NanoWizard III AFM software based on Sader’s theory, which does not require the 

acquisition of a force-distance curve on a hard surface. This method allows to obtain the inverse 

optical lever sensitivity (InvOLS) of the rectangular cantilevers from the thermal spectrum [27,28].  
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Chamber of measurements   

  

To test the HWN sensors, we designed and fabricated a measurement chamber (Fig. 2) that can be 

used on an inverted microscope to perform fluorescence optical microscopy and is compatible with 

the head of a JPK-NanoWizard II and Nanowizard 3 AFMs so that the embedded laser detection 

system can be used to measure the resonant frequency and deflection of the HWN sensor 

cantilevers. The chamber of measurements consists of a circular holder for mounting the chip (with 

“laser side” faced up) (Fig. 2a), and two metal rings with screws to seal the holder, which is then 

inserted into a Petri dish lid (Fig. 2b). After sealing, the resulting chamber of measurements (Fig. 

2c) is placed under the head of the AFM to perform experiments (Fig. 2d). For the experiments 

with living cells, as indicated by the red arrows, the holder is turned upside-down after chip 

mounting (with the “cell side” of the chip faced up) and placed into a Petri dish to perform the cell 

seeding. After seeding, the holder is sealed by a metal ring with the “laser side” facing up, and 

then inserted into the AFM.  
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Figure 2: Chamber of measurements and chip mounting. a) the chip with the fabricated cantilevers is mounted on 

a circular holder with the "laser side" facing up; b) after mounting the chip, the circular holder is placed on a Petri 

dish lid held with a thin PDMS foil (25 µm thick); c) then the circular holder and Petri dish lid are sealed with metal 

rings to create a measurement chamber and then filled with the liquid; d) finally, the sealed chamber (dashed) is 

inserted into the JPK-NanoWizard II AFM to perform the measurements. In the bottom right corner,  a scheme of the 

setup in the measuring configuration is displayed: the chamber of measurement is placed on the microscope “sample 

holder”, under the head of the AFM. The objective of the inverted microscope is located under the sample holder and 

is used to visualize the “cell side” of the chip (faced down). As shown by the red arrows in the figure, for the 

experiments with living cells, after mounting the chip, the holder is placed in a Petri dish with the "cell side" faced up 

and the cell seeding is performed: a 25 µl droplet of cells is placed on the "cell side" of the chip and kept in the 

incubator (37°C and 5% CO2) for 20 minutes to allow the cells to adhere, while the laser side ( facing down) is kept 

dry. The holder is then turned upside down, placed on the lid of a Petri dish and sealed with the metal rings. The 

resulting measurement chamber is filled with the liquid (650 μl final volume to ensure the half-wetting condition).  
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Resonance frequency measurements of cantilevers 

The cantilever resonance frequency measure was obtained using a home-built photothermal 

excitation system, integrated into a JPK- NanoWizard II AFM in three different conditions: air, 

partial and fully wet in milliQ water. In detail, the chip with suspended cantilevers was mounted 

on a home-made circular holder, which was then inserted into a Petri dish lid to obtain a chamber 

for measurements (Fig. 2). The excitation laser (375 nm, 70 mW) was focused on the laser side 

the cantilever at the fixed end, while the detection laser was focused on the laser side at the free 

end of the cantilever and then aligned on the AFM photodiode detector. For the half-wet condition, 

the fluid chamber was filled with 650 μl milliQ water, while for the fully wet condition, the 

chamber was completely filled so that the cantilever was completely immersed in the liquid.  

 

Cells and cell-culture 

MDA-MB-231 (ECACC 92020424) and MCF-7 (Sigma-Aldrich ECACC, #92020424) cells were 

cultured in a Dulbecco’s modified eagle medium DMEM-high glucose, with L-glutamine and 

sodium pyruvate (Sigma-Aldrich), supplemented with 10% (v/v) of fetal bovine serum (FBS) 

(Sigma-Aldrich) and 1% (v/v) penicillin-streptomycin (EuroClone) at 37°C 5% of CO2 incubator.  

 

Cell experiments with the HWN sensor 

To use the HWN sensors to monitor the cell adhesion, spreading and motility, cells are grown on 

the cell-side while the backside, where the laser beam is focused, in kept dry.  To this purpose we 

used a chamber of measurements purposely optimized to be compatible with both an inverted 

microscope and the JPK- NanoWizard II and Nanowizard 3 AFM laser detection system. As shown 

in Fig. 2 (red arrows), the holder with the chip is inserted into a Petri dish and a 25 µl drop 

containing about 3.000 cells is placed on the cell side of the chip (in sterile conditions) and 

incubated for 20 minutes in humidified atmosphere at 37°C and 5% CO2 to allow cells to adhere, 

while the backside is kept dry. Afterward, the holder is turned upside-down placed on the Petri 

dish lid and sealed by metallic rings, thus creating a chamber of measurements which is filled with 

the medium (650 µl final volume) and placed under the head of an AFM. As result the cell-side of 

the cantilever with adherent cells is in contact with the medium, while the formation of a meniscus 

in the gaps allows to keep dry the backside, on which the laser beam of the AFM system is focused. 
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To count the cells adherent on the cantilever, a 25 µl drop of NucBlue (NucBlue™ Live 

ReadyProbes™) was added to the medium and incubated with the cells for 10 minutes before 

deflection measurements.  

Fluorescence images and time lapse movies of the adherent cells were acquired on the inverted 

microscope Zeiss AxioVert200 with a 20X objective and XM10 camera (Olympus Corporation). 

The fluorescence images were acquired with 500 milliseconds exposure time, while in time lapse 

an image with 65 ms exposure time was acquired every 30 seconds for a total time of 15 minutes. 

Images were then analyzed in the ImageJ software.  

 

Data acquisition and processing  

The cantilever deflection was detected using “real-time” oscilloscope mode of NanoWizard II 

AFM (JPK Instrument, AG). The vertical deflection signal was collected at a sampling frequency 

of 1 kHz for 15 minutes. During the measurements, the temperature of the set-up was monitored 

and kept at 30o ± 1o C. Before analysis, the thermal drift was subtracted from the data by linear 

flattening. The cantilever deflection of the resulting curves was then converted into force by using 

K and sensitivity evaluated as described previously.  

To estimate the force developed by adherent cells on the cantilevers we analysed the macro and 

micro-oscillations of the deflection curves. First, we down sampled the data set of the curve (one 

point every 100) and then performed smoothing using the average of 500 neighboring points. In 

the resulting baseline curve, the peaks and minima are identified as macro-oscillations. Then the 

same baseline curve is subtracted from the data curve to obtain additional peaks and minima, which 

are identified as micro-oscillations (see Fig S3).        

Analysis of the variance was obtained on the entire interval of measurements (15 minutes) 

(Supplementary section).   

The moving variance was obtained by calculating a variance value for intervals of 100 

milliseconds. Each value is plotted as function of time. All data processing and analysis were 

performed with Matlab R2019a and OriginPRO2021b software.   

 

 

 



 

12 

 

 

Results and discussions 

Characteristics of cantilevers 

In air the spring constant (k) of the suspended cantilever does not depend on the gap size, whereas 

in the half-wet condition (HW) the formation of the meniscus at the gap surrounding the cantilevers 

affects the k values of the cantilevers. To quantify this effect, the cantilevers were calibrated 

statically both in air and HW conditions. For the cantilevers 50 µm long we observe an extremely 

large variability of k values both in air and HW conditions, which likely results from the unprecise 

positioning of the AFM tip of the reference cantilever on the edge of the tested one, which is 

particularly relevant for the shorter ones. In air spring constant values of (25 ± 6) N/m and (3 ± 1) 

N/m were found for cantilevers of 100 µm and 200 µm long, respectively. When measured in HW 

condition, both cantilevers showed an increase of the measured k values, which was larger for 

smaller gap sizes. The increase of the k-values when moving from the in-air condition to the HW-

condition was evaluated for each cantilever, and then the HW/AIR ratio was plotted (Fig. 3). For 

the smaller gaps (2 µm and 4 µm) the stiffening induced by the water meniscus is relevant, up to 

an average increase of 70% of the k values in the case of 2 µm gap and 200 µm long cantilevers. 

For the 8 µm gap, the meniscus contributes with a 10% to the stiffness value, without a significant 

difference between 100 µm and 200 µm length. 

 

Figure 3: The air/water interface surface tension in HW increases the spring constant. The mean HW/AIR ratio of 

spring constant values of the suspended cantilevers with different length as a function of the gap width. 
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The resonance spectra obtained for the cantilevers of 100 µm and 200 µm long are shown in Fig.4. 

In air, resonance frequencies of 240 kHz and 64 kHz respectively were obtained. By fitting a 

Lorentzian function to these spectra, a quality factor (QF) of 66 and 116 was extracted, 

respectively. In HW condition, we observed a shift to lower resonance frequencies for both lengths, 

with peak values of 106 kHz and 30 kHz and a QF= 23 and 10.6 for cantilevers of 100 µm and 

200 µm of length, respectively. In full-wet condition (FW), the resonance frequencies were 48.8 

kHz and 24.1 kHz, with 5.4 and 1.7 QF. Operating in HW conditions induce a QF decrease of 3 

and 10 times for 100 µm and 200 µm long cantilevers, which, although significant, still allow the 

application of cantilever as mass detectors. On the contrary, in FW condition the change in QF is 

dramatic, up to a factor 100 (Fig.4a, b). Hence the HW configuration drastically reduces the 

viscous damping, as also proposed by other authors [14].  

The reduced impact on the quality factor is an important aspect also for improving mass detection 

in liquids for biological applications. As a proof of concept, we tested our HWN sensors for mass 

measurements of MDA-MB-231 breast cancer cells. The spectra acquired to for 200 μm long 

cantilever with a 4 μm gap size, before and after cell adhesion, are shown in Fig.4c.  We observed 

a negative resonance shift of 1.3 kHz for the presence of 5 cells. Because the resonance frequency 

shift generally depends on the position of the cell on the cantilever and the surface tension applied 

to the cantilever by the cell adhesion and migration process [13,29–32], and living cells move 

continuously on the sensor surface, changing their position and the exerted forces from 

measurement to measurement, an accurate determination of the cell mass is not possible.   

An estimate of the single-cell mass was made assuming a uniform distribution of cells along the 

cantilever and across the gaps. To determine the value of the resonant frequency, the frequency 

curves were fitted with Lorentzian functions. The corresponding values of the resonance peaks 

were used to calculate the additional mass due to the presence of cells in dynamic mode, as 

described in the literature [29,33]. The results showed an additional mass of 0.1 ng for the 

cantilever with 5 adherent cells. The value of mass was  ̴ 0.02 ng/cell. This value is about 10-100 

times lower than the mass of single cells measured in the literature [33–35]. This result confirms 

that the stiffening contribution of the cells on the gaps affects the measure of mass. 
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Figure 4: The resonance frequency and quality factor depend on the wetting condition and on the cell loading. 

Resonance frequency of 100 μm (a) 200 μm (b) cantilevers long in air (black), half wetting (blue) and fully wetting 

(red) conditions; normalized amplitude value for empty cantilever (solid) and in presence (dash) of n=5 cells (c), as 

obtained in half-wetting condition.  
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Measurements with HWN sensors 

To investigate cell motility and adhesion force, we focused on  cantilevers 200 μm long with a gap 

of 2 μm  and 4 μm because the force sensitivity improves at lower spring constants [2]. The gap 

size of 8 μm was not suitable for these experiments, since we frequently observed that the cells 

somehow remained trapped in the gap, leading to a decrease in their motility.  

The deflection curves acquired in the presence of cells can be converted into forces by using the 

values of k and sensitivity obtained for the cantilever. We measured the deflection of the same 

cantilever before (Fig. 5a) and after (Fig. 5b) cell adhesion in HW (blue traces) and FW (red traces) 

conditions. In absence of cells the signal amplitude is larger in the FW conditions, indicating that 

the presence of the medium on the laser side perturbs the read-out adding an extra noise 

contribution. When cells are present on the cantilevers, the signal amplitude remains the same, but 

the deflection variation induced by the cell motion appear much larger on the cantilevers operated 

in HW conditions. Since cell behaviors on the cell side of the cantilever cannot be influenced by 

the presence or not of culture medium on the laser side, we can conclude that HW condition offer 

a much higher sensitivity to cell-induced deflection. 

 

Figure 5: Half wetting condition increases the sensitivity to cell motion. Deflection signal recorded in half wetting 

(blue) and in full wetting conditions (red) for the same cantilever in absence (a) and in presence (b) of MDA-MB-231 

cells.  
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To better assess the variation of the signal over time, we performed the moving variance analysis 

(Fig. 6). Due to the higher damping, the FW configuration was able to follow slow variations. In 

fact, the moving variance showed significant differences when the time interval for which the 

value is calculated is of the order of Q/f, i.e., ̴ 60 msec and ̴ 300 msec for FW and HW, respectively. 

By using these values, the moving variance analysis showed that the difference between the 

cantilever before (without cells) and after cell adhesion (with cells) is less remarkable in FW 

condition (Fig. 6a) than in HW (Fig. 6b). Indeed, in FW the spurious peaks, likely due to cellular 

debris or other factors interfering with the laser path, complicate the interpretation of the signal 

after cell adhesion.  

At longer time intervals of moving variance (3 seconds) we observed an increase in the values 

after cells adhesion in HW condition (Fig. 6c, blue traces), while in FW condition (Fig. 6c, red 

traces) a decrease in the variance signal, because of the higher damping, was observed. All 

together, these data confirm the highest sensitivity of the sensors operating in HW conditions.   

 

 

Figure 6: The moving variance for a quantification of cell motion. The moving variance of deflection signal recorded 

in HW (blue) and in FW (red) is shown in absence (top) and in presence (bottom) of cells, at three different time 

intervals: 60 ms (a), 300 ms (b) and 3 sec (c).  
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To check the potential of the HWN sensors as a test of cancer malignancy the same experiment 

were performed with a less aggressive breast cancer cell line: the MCF-7. A comparison of the 

deflection signal of the cantilever before and after cell incubation (Fig. 7) showed that MDA-MB-

231 moving cells (Fig. 7a) develop much higher forces than MCF-7 cells (Fig. 7b) when cultured 

on the HWN sensor. In order to associate the recorded forces to the cellular motion, the deflection 

measurements and time-lapse movie were recorded simultaneously (see Movie SM1 and SM2). 

We observed that the cells move on the cantilever and across the gaps. SEM images, acquired after 

measurements, confirmed the position of the cells on the sensors also indicating a strong adhesion 

that withstood washing and fixation procedures required by SEM sample preparation protocols 

(Fig. S4).   

To quantify in a more rigorous way the forces developed by the cells, we performed the analysis 

of the variance over the entire measurement period. Indeed, the variance does not account for static 

deflection, while attributes the correct weight to rapid cell pulsations that would be lost by force 

averaging. To compare different measurements, it is necessary to consider the number and position 

of cells present on the cantilever, which, at this stage, are not under our control. By using 

fluorescence microscopy, we counted the number of cells on the cantilever and in the gaps (Fig. 

S5). In the analysis of variance, we classified the cantilevers according with the different number 

of cells adhering to the sensors: as expected the variance is larger when a larger number of cells 

adhered to the cantilever surface (Fig. 7c). The variance of MDA-MB-231 is much larger than that 

of MCF-7, suggesting that the former exert larger forces during, adhesion and motion process. 

This is consistent with data from the literature [36] and with the scratch wound assays, which 

showed that MDA-MB-231 have an higher mobility than MCF-7 cells (Fig. S6), which is 

consistent with their high potential ability to metastasize. These results indicate that the HWN 

sensor can be applied to detect variations in cell motility and distinguish highly motile cells from 

slow motile ones. 
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Figure 7: Cantilevers are sensitive to motility differences in different cell lines. Deflection curves as function of time 

for bare cantilevers and in presence of MDA-MB 231 (a) or MCF7 cells (b) recorded in HW conditions. (c) Variance 

values obtained for the cantilevers L200 and 2 µm groove size grouped according to the number of cells adherent to 

the cantilever: for MD-MB231: 4 cells N=3; 5-9 cells N= 6; >10 cells N=4, for MCF7 5-7 cells N= 5; >10 cells N= 

5. P-value: * (P<0.02). 

 

To further investigate the effect of cell positioning on force generation, we grouped the cantilever 

according to three different positions of cells (both MDA-MB-231 and MCF7) along the 

cantilever, as described in the scheme of Fig. 8a: 1) the majority of the cells lay in the apical region 

(>A); 2) the majority of the cells lay in the basal region (>B); 3) cells area equally distributed on 

the apical and on the basal region of the cantilever (A=B). The analysis of variance of the deflection 

signal showed significative larger values when most of the cells are in the apical zone (Fig. 8b). 

This result suggests that the apical zone may be the most sensitive zone of the cantilever, which in 

consistent with literature [33]. Indeed, two mechanisms could be addressed to explain the 

cantilever motion: change of surface tension at the cell-cantilever interfaces that caused a 

cantilever bending, which would be more effective when the cells are grown at the basal area, and 

traction forces exerted by the cells grown across the gap. In the latter, when cells are on the apical 

area, the forces required to deflect the cantilever are lower, with a sort of lever effect; on the other 

hand, when cells are at the basal area little changes in cell configuration would produce large 

cantilever deflection. The two effects sort of compensate each-other and as a first approximation 

we can assume that traction forces have the same effect not matter where the cells are grown. There 

is, however a third effect to be considered, the cantilever stiffening produced by cell adhesion [31], 
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which is stronger when cells are grown in the basal area, and alone could explain the results of 

figure 8, and in particular why A=B is not between >A and >B: the stiffening of cells at the basal 

area is the dominating effect.  However, since the contribution of the cells across the gaps to the 

stiffness of the cantilever depends on their precise location and could affect in an unpredictable 

way the variance signal, further experiments in which cells position is predetermined are needed 

to draw a definitive conclusion on this aspect. 

When the cells are evenly distributed on the apical and basal zones, the signal is lower than in the 

basal zone, suggesting that this positioning balances the system and reduces the detectable 

deflections.  

 

Figure 8: Cantilever response depend on the adhering cell position. a) the fluorescence images of cantilevers (with 

a width of 30 μm, a gap of 2 μm, and 200 μm long) and cells as examples of arrangements of cells (MDA-MB-231) 

with three different combinations: a higher number of cells in the apical region (>A) or in the basal one (>B); an 

equal number of cells in the apical and basal zones (A=B). b) Analysis of variance (nN) of the oscillation signal as a 

function of the different cell positioning (MDA and MCF-7) on the HWN sensor.  

 

To compare the two cell lines, we also analyzed the variance as a function of the position of the 

cells in the apical or basal zone. We found that MDA-MB-231 cells had higher variance values, in 

both the apical and basal zones, than MCF-7 (Fig. 9). Finally, for the samples where most cells lay 

in the apical zone, we analyzed the variance for both MDA-MB-231 and MCF-7 as a function of 

the number of cells, finding, as expected, a linear correlation between variance amplitude and 

number of cells, indicating that by evaluating the variance we actually sum up the force 

contribution provided by every cell, even if they act randomly and independently.   
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Figure 9:  Cantilever response depend on the aggressivity and on the number of adhering cells The variance 

analysis of oscillation signal in function of the cell lines (MDA-MB-231 or MCF-7). a) The MDA-MB-231 cells showed 

higher variance values both on the apical or basal zone if compared to MCF-7 ones; b) the analysis of variance for 

MDA-MB-231 and MCF-7 placed only on the apical zone (the most sensitive zone) showed higher values consistent 

with the number of cells. P-value: * (P<0.02). 

 

 Upon further investigation of the forces exerted by the cells on the cantilever, we noticed that the 

deflection curves display macro- and micro-oscillations (see Fig. S3 and Materials and Methods). 

Both oscillations can be related to the cells adherent on the cantilever and moving on it or across 

the gap, exerting a contractile force that deforms the cantilever. The forces corresponding to these 

oscillations were evaluated and the results obtained for MDA-MB-231 and MCF-7 are compared 

in Fig. 10, where the cantilevers are grouped according to the number of cells. The force values 

obtained for macro- and micro-oscillations appear to be generally broadly distributed for MDA-

MB231 compared to those observed for MCF7. The median force values for macro-oscillation of 

MDA-MB-231 are 1.8 nN for 4 cells, 0.96 nN for 5-9 cells, and 1.6 nN for > 10 cells; while for 

micro-oscillation, 2.3 nN for 4 cells, 1.3 nN for 5-9 cells, and 1.8 nN for > 10 cells were obtained. 

These median values for cantilevers with a number of more than 10 cells are lower for the MCF-

7: macro-oscillations 0.65 nN for 5-9 cells, 0.40 nN > 10 cells and for micro-oscillations 1.0 nN 

for 5-9 cells, 0.79 nN for > 10 cells. These force values are compatible with those observed in 
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single cell adhesion measurements by Atomic Force Spectroscopy [37–40]. The evident, albeit not 

significative, decrease of average of forces with increasing number of cells can be explained 

recalling the dominating role of stiffening played by cells in the basal region. Indeed, cells exert 

force randomly in time, which very seldom are synchronized, while stiffening is a steady state 

process that definitely adds up: so the more the cells the lower the forces sensed by the cantilever.  

The widely dispersed force values for MDA-MB-231, especially for the micro-oscillations, could 

reflect a different mechanism of force transmission at the adhesion sites between the two cell lines, 

with a variation in cell spreading or even a different number of adhesion sites formed in the initial 

phase of adhesion, but this should be further investigated. These results suggest that HWN sensors 

could be a valuable tool for analyzing the force exerted by the cell during the adhesion or migration 

process and to monitor the effects of drug treatment on such processes in real-time. 

 

 

Figure 10: Cell forces depend on the cell aggressivity. Forces correlated with the macro-oscillations (a) and micro-

oscillations (b) obtained for MDA-MB-231 and MCF-7 grouped according to the number of cells adherent on the 

cantilever. P-value: ** (P<0.009), **** (P<0.0001). 
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Conclusions 

In summary, we have designed and fabricated a novel nano-motion detector that improves the 

sensitivity and performance of nano-motion systems and reduces the attenuation losses of the 

cantilever by operating with only one side in contact with the liquid solution. We showed that our 

approach allows to detect and evaluate the differences in cell motility and force developed during 

motion for cancer cell lines with different invasive characteristics. 

These results suggest that our system may be a promising tool for real-time analysis of the 

dynamics of cell adhesion and the effect of drugs affecting this cellular process (i.e., adhesion or 

motility), opening the possibility of multiplexed platforms pushing toward monitoring therapeutic 

outcomes in cancer patients.  
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