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Increasing AFM colloidal probe 
accuracy by optical tweezers
Tomasz Witko1,2, Zbigniew Baster1, Zenon Rajfur1, Kamila Sofińska1,2* & Jakub Barbasz2*

A precise determination of the cantilever spring constant is the critical point of all colloidal probe 
experiments. Existing methods are based on approximations considering only cantilever geometry 
and do not take into account properties of any object or substance attached to the cantilever. 
Neglecting the influence of the colloidal sphere on the cantilever characteristics introduces significant 
uncertainty in a spring constant determination and affects all further considerations. In this work we 
propose a new method of spring constant calibration for ‘colloidal probe’ type cantilevers based on 
the direct measurement of force constant. The Optical Tweezers based calibration method will help to 
increase the accuracy and repeatability of the AFM colloidal probe experiments.

Atomic Force Microscopy (AFM) was first described in 1986 by Binnig et al.1, where it was used to investigate 
the topography of hard surfaces. In the following years, many related techniques such as Intermediate Contact, 
Lateral Forces, Magnetic Force Microscopy were established, including the Colloidal Probe (CP), which allowed 
the AFM force measurement precision to be transferred to micrometer scale systems.

Parallel to the development of the AFM techniques, intense research on optical trapping and optical tweezers 
techniques was conducted. From the early 1970s, when the optical trapping technique was introduced by Ashkin2, 
for a long time it was the only method allowing the colloidal particles manipulation in a native environment (i.e. 
liquid solution) with precisely controlled forces and a high spatial resolution.

The AFM, as well as the Optical Tweezers (OT) allow to investigate protein unfolding3,4 cells and microsystems 
dynamics5,6 and interactions in colloidal systems7,8. It is surprising that despite the common research field for 
both techniques, there is only a limited number of papers presenting the simultaneous use of AFM and Optical 
Tweezers as reference techniques9,10. Optical Tweezers employ a highly focused, converged laser beam to trap and 
manipulate micrometer-size objects, producing forces in the range of piconewtons. In contrast to Atomic Force 
Microscopy, where force measurements are typically possible only in an axial direction (in selected systems also 
lateral forces), the Optical Tweezers technique allows to measure interactions in all dimensions11,12.

Precise calibration of the AFM cantilever parameters is crucial for all force related experiments. The Colloi-
dal Probe, in contrary to unmodified AFM cantilever, cannot be considered as a simple statically determinable 
system. Thus, typical calibration methods (Cleveland, thermal noise13, Sader14, hydrodynamic drag force15 and 
reference cantilevers16 methods), used for conventional AFM cantilevers, introduce uncertainties which are 
difficult to estimate when applied to colloidal probe17. For example, using the reference cantilever method, a 
delicate colloidal particle is exposed to damage in the area being the most relevant for further experiments. 
Additionally, it is extremely difficult to correctly determine the position of the contact point18. The influence 
of improper positioning of the cantilever was described by Han et al.19, who showed the physical basis of the 
induced error (friction forces). This work also presents a method of correct determination of the contact point 
location. According to Hen, the calibration protocol requires pressing the colloidal particle at least several times. 
For probing systems in which the colloidal particle is covered with a delicate film (e.g. with adsorbed proteins), 
it may inevitably lead to the surface damage. Similar problems related to the possibly destructive influence of 
the friction on the delicate probing layer (present on the surface of a colloidal particle) during the calibration 
procedure were discussed by Chung et al.20. The authors proposed the use of electrostatic forces or a thermal 
noise method as alternative calibration procedures that do not affect the surface of the colloidal probe. Dynamic 
calibration methods (e.g. thermal noise method) are based on the vibrations with the extremely small amplitude 
that in some colloidal probe experiments are not comparable to the deflection of the cantilever (nm versus µm).

The colloidal probe type experiments belong to the group of AFM measurements that use the relatively 
large deflections of the cantilever to probe mechanical properties. Such cantilever deflections are rarely used in 
measurements with sharp AFM tips. For example, Chen et al.21 incorporated the cantilever deflections in the 
range of 25–30 µm to study micromechanical response of the cell-oocyte complex (COC) matrix. Leporatti 
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et al.22 incorporated the deflections of ~ 3.5 µm in the research of the viscoelastic and adhesive properties of 
lipopolysaccharide-stimulated macrophages. A similar range of cantilever deflections (~ 3.5 µm) is observed in 
the work of Guz et al.23, which intended to answer whether cells (that are highly heterogeneous objects) can be 
described with parameter like elastic modulus (effective Young’s modulus). To probe mechanical properties of 
cells, Sokolov et al.24 indented cells with ~ 2.5 µm cantilever deflections, while Efremov et al.25 used ~ 3 µm can-
tilever deflections. It should be emphasized here that such large regime of cantilever deflections is not the only 
domain of experiments related to the research of cells properties. Bush et al.26 studied mechanical properties of 
poly(ethylene glycol) (PEG) hydrogel materials using cantilever deflections of 4–16 µm. Pham and co-workers27 
used 6 µm cantilever deflections (form − 3 to + 3 µm) in microindentation experiments of soft silicones.

There are many well-described calibration methods for standard AFM cantilevers. However, for colloidal 
probes the number of calibration methods is limited, and most are either difficult or not very accurate. Beam 
theory-based methods require very accurate data concerning cantilever geometry20. Methods based on finite 
element method simulations allow to include the influence of the material used to attach the colloidal particle to 
the cantilever, but this is possible only if its exact distribution on the surface of cantilever is known. In fact, this 
is possible only approximately. The presented here OT based method of spring constant determination allows 
to calibrate colloidal probes for experiments requiring large deflections of cantilever (e.g. cell indentation). It is 
not possible to obtain using other (e.g. the thermal) methods.

Another aspect that poses to be challenging to estimate is the nonlinear behavior of AFM cantilevers that 
may occur, especially in the case of indentation experiments incorporating relatively large cantilever deflec-
tion. Chen with co-workers indicated the presence of nonlinearities for cantilevers, especially for those of small 
thickness28. Moreover, the need to analyze the nonlinearity of the cantilever before starting the experiments 
was emphasized. The nonlinear behavior of AFM cantilevers has been also confirmed by Ding et al.29 in both, 
finite elements method (FEM) calculations and experiments. Importantly, the authors used commercial AFM 
cantilevers manufactured by MikroMasch, Inc. The nonlinear behavior of AFM cantilever was also indicated in 
the work of Mendels and co-workers in a strictly computational work30. In another work31, the authors focused 
on investigating the behavior of commercially available AFM silicon cantilevers coated with an Al reflecting layer 
by FEM. The increase of the thickness of the reflecting layer resulted in the increase of nonlinearities for both, 
normal and torsional strains. The presented work is especially important in respect to the homemade colloidal 
probe cantilevers that are partially covered with a relatively thick layer of glue. Such additional layer, similarly 
to the breakout layer described above, is the reason of the nonlinear behavior of colloidal probe cantilevers.

Considering simple physical relations and combining the AFM and OT techniques, we present here a simple, 
innovative, and precise method of colloidal probe cantilevers calibration. In the described experimental setup 
(see a in Fig. 1A) the colloidal particle acts as a converging lens for a laser beam (b in Fig. 1A), causing the change 
in direction of its propagation. Based on the wave-particle dualism, together with its propagation, the photons’ 
momentum is changing and is transferred onto the particle.

In this manuscript, the colloidal probe calibration method using Optical Tweezers is described. This paper 
is divided into three main parts. The ‘material and methods’ section is focused on the description of colloidal 
probes preparation procedure, Optical Tweezers measurements including the calibration of OT stiffness, details 
of confocal microscopy imaging and the determination of sphere center based on 2D image. In the section 
“Theory/calculations”, the method of calculation value of the force exerted by OT on a glass bead is described. 
The point-by-point calibration procedure for determining the spring constant of a colloidal probe is provided in 
section “Experimental procedure for calibration colloidal probes with optical tweezers”. The sections “Results”, 
“Discussion” and “Conclusions” provide more details regarding the presented calibration method.

Materials and methods
Colloidal probes preparation.  Colloidal probes were prepared using NT-MDT Slover Bio atomic force 
microscope (scanning head SMENA SFC050L). To prepare colloidal probe cantilevers, the following AFM 
probes were used: CSG10 series (NT-MDT) with a rectangular cantilever and PNP-TR-TL-SPL (NanoWorld) 
with a triangular (V-shape) cantilevers. Glass spheres with well-defined radius were attached to AFM cantilevers 
using an epoxy resin by approaching/retracting the AFM probe: (a) the glue, (b) the glass sphere. The image of 
cantilever before and after sticking the glass sphere is presented in Fig. 1B.

Optical tweezers measurements.  Optical tweezers technique is based on electromagnetic interaction 
between the laser beam and the trapped diamagnetic particle33. There are several physical theories describing 
this phenomenon. The application of specific theory depends on the ratio between the bead size and the laser 
wavelength34. In our experiment we are using relatively large beads. At this regime of bead sizes/laser wave-
length, the ray-optics theory describing the interactions is the most accurate34. In the further description we will 
neglect the influence of the light reflected from the bead surface since it is much smaller than trapping forces35. 
A particle acts as a thick converging lens. A laser beam which enters a bead is refracted towards the center of the 
sphere. The direction of the beam propagation changes and it affects the momentum. The momentum induces 
force directing the bead to the center of the trap36 (Fig. 1A).

Optical Tweezers experiments were performed using Zeiss PALM MicroTweezers set on Zeiss Axio Observer.
Z1 (Fig. 1C) with PALMRobo version V 4.6.0.4 software. OT manipulations were conducted using oil immersion 
Zeiss EC-Plan Neofluar 100 × 1.3 NA objective (Fig. 1C.III) in air (~ 0.85 NA) and 1064 nm laser (Fig. 1C.IV). 
To determine the force constant of colloidal probe cantilever, the OT beam was parked at the distant edge of the 
glued bead and the displacement of the probe from the initial position was measured (with laser trap turned 
off). After each measurement step the laser power was increased, and the trap was moved to retain the position 
relative to the bead.
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The calibration of the OT stiffness.  To properly calibrate the AFM cantilever, the precise determination of the 
force the OT interacts with the glass bead is crucial. In the case of experimental setup without QPD detector the 
Stokes drag force-based method is the most accurate32. The procedure for OT calibration used to determine the 
optical trap stiffness as a function of laser power has been described in detail by Williams37. A diagram showing 
the configuration of OT calibration in our setup is presented in Supplementary Materials. The trapped bead is 
accelerated into a known velocity v by movement of the microscope stage. Based on Stokes law with imple-
mented Faxen’s correction due to small distance h between the sphere center and the surface, it is possible to 
calculate exerted force FZ as given38:

where η is the media viscosity, and r represents the radius of the bead. This allows to calculate the force–displace-
ment dependence and the stiffness constant of the trap. Leach et al.39 compared the experimentally determined 
changes in drag coefficients with the calculated Faxén’s correction and showed a high agreement of the proposed 
correction with the experimental results. In this work, the authors also took into account the inaccuracy result-
ing from both, errors in optical methods for determining the particle position, and the surface roughness. And 
as they show, they are not significant for the obtained results, e.g. 10% increase in drag coefficient occurs at a 
distance of five radii.

As a result of the procedure described above, we received several calibration curves (Fig. 2A–C) presenting 
dependences between the glass bead displacement and the speed of the laser beam movement.

The next step of the calibration method was to determine the stiffness of the trap for a specific laser power. 
During the calibration process, the stage is moving in one direction during one step, and in the opposite direc-
tion during the next step43. The variable motion of the table is a significant reason for the observed sawtooth 
waveform (Fig. 2A–C). Another reason for the observed oscillations is the non-zero width of the trap. The particle 
jumps from one edge of the trap to the other. It is important to define the power range in which the rigidity of 
the trap changes linearly with increasing power. This allows to determine the equation describing the trap and 
thus accurately estimate the force magnitude the trap interacts with the object during the experiment. In the 
configuration used in our experiments, the maximum laser power (100%) corresponds to 5 W of electrical power.

The error in determining the trap stiffness is transferred directly to the accuracy of determination of the 
force constant. For each trap, the uncertainty of trap stiffness determination is clearly defined in the calibration 
procedure. To determine the trap stiffness, linear regression for the linear range of the trap operation is applied.
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Figure 1.   Left panel: (A) The scheme of experimental setup (a) and force distribution on a glass particle 
treated with the laser beam generated by OT (b–d)32; (B) Transmitted light microscopy image presenting AFM 
cantilever before (a) and after (b) glass particle attachment.. Right panel: (C) The image of experimental setup 
with the scheme showing the course of the OT laser beam and the optical path of the microscope. I—bright 
field illumination, II—sample, II.1—AFM cantilever with colloidal probe II.2—OT laser beam, III—trapping 
objective, IV—OT laser source, V—OT main shutter, VI—camera.
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Except the viscous drag force method that we incorporated to calibrate OT, several other calibration methods 
can be used: sequential impulse response44, the equipartition theorem method45, power spectrum analysis46, 
method based on an autoregressive model47, calibration with differential interference contrast signals48, calibra-
tion method in the presence of motion blur49 and other. A fine comparison of the calibration methods was per-
formed using 1 µm diameter polystyrene beads by Capitanio et al.48. The viscous drag force calibration method 
appeared to have the smallest typical error of 2%.

Confocal microscopy imaging.  Confocal microscopy imaging was performed using Zeiss LSM 710 set 
on Zeiss Axio Observer.Z1 (Fig. 1C) with ZEN black version 8.1.0.484 software and no immersion Zeiss NA 
EC-Plan Neofluar 20 × 0.5 objective.

The amounts of glue cannot be fully controlled in the process of glass sphere attachment to AFM cantilever. To 
obtain fluorescence image of the epoxy glue distribution (Fig. 2D), it was mixed with fluorescein. Fluorophore was 
excited with 488 nm laser. A transmitted-light image was collected simultaneously with a fluorescence image. A 
confocal image was analyzed using Fiji software50. For a PSF creation we applied the PSF Generator software51,52 
using Born & Wolf 3D Optical Model53,54 with parameters matching the collected image with best computation 
accuracy. The deconvolution of the fluorescence image was performed in the DeconvolutionLab software55 using 
the Richardson-Lucy algorithm40,41 with 10 iterations.

The determination of sphere center based on 2D image (software automated).  Relying on the 
fact that optical microscope used in this experiment provides high contrast and resolution, surface of the sphere 
can be easily visualized and binarized using appropriate threshold function in dedicated software. The determi-
nation of the exact sphere curvature course, followed by basic geometrical relationships application, allows to 
directly establish the sphere center. Because the experimental setup ensures that the particle is fixed in X axis 
(microscope Z-axis) the only possible movement in the system may occur in Z and Y axes. The determination of 
sphere center displacement in two-dimensional system comes to calculating the change in coordinates of a circle 
contained in focus plane of the microscope.

To designate the center of a circle, three points forming a triangle at its edge need to be drawn (A, B, C). The 
intersection of normal vectors (a’, b’, c’) to the triangle sides (a, b, c) defines the center of the circle (S) (Fig. 3A). 

Figure 2.   Panels A–C: Calibration curves for determination of the trap stiffness presented as a dependence 
of the laser beam speed on the sphere displacement. The laser beam power was in the range of: (A) 10–40%, 
(B) 45–75%, and (C) 80–100%. Panel D: The reconstruction of the epoxy glue distribution on the cantilever: 
(a) fluorescence microscopy image, and (b) three-dimensional (3D) reconstruction. 3D reconstructions were 
assembled with a fluorescence microscopy to visualize the distribution of adhesive layers on the cantilever 
surface. The adhesive layer was marked with a green color. Images were captured on the confocal setup shown in 
Fig. 1C and then deconvolved using the DeconvolutionLab software40–42.
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Alternatively, for non-ideally spherical particles, the mean value of the coordinates of multiple points randomly 
selected around the periphery of the particle can be used.

Because the whole process is not mathematically intricating, it may be easily automated using the ImageJ56 
or other image processing dedicated software macro. This method allows simultaneous deflection tracking in 
Z and Y-axes.

The diameter of the particle attached to the cantilever in a described optical configuration is about 500–1500 
pixels (for the nominal particle diameter of 15–45 µm). The error in determining the location of the particle 
center by 1 pixel introduces the uncertainty of the force constant of about 0.07–0.2%. Assuming a single measure-
ment, the error of 5 pixels gives less than 1% uncertainty in determination of the particle center.

Theory/calculations
As mentioned earlier, the Optical Tweezers technique is based on a laser beam deflection in a dielectric particle. 
There are several theories describing this phenomenon depending on a particle diameter to laser wavelength 
ratio42. For the ratio higher than 10, a geometric optics approach is the most accurate (Fig. 1A.b–d)57. The setup 
used for calibration experiments (Fig. 1C) employs 1064 nm laser and glass beads of at least 30 µm in diameter.

As described in papers58,59, forces FZ (parallel to the beam propagation vector) and FX (orthogonal to the beam 
propagation vector) exerted on spherical objects are linearly correlated with the laser power P:

where n is a medium refraction index, c is a speed of light, T and R are the Fresnel transmission and reflection 
coefficients and θ and r are the and refraction and incidence angles.

Experimental procedure for calibration colloidal probes with optical tweezers
The AFM colloidal probe calibration should be conducted as follows:

1.	 Align the glass bead at microscope and Optical Tweezers focal planes. The surface of the colloidal probe 
cantilever should be oriented perpendicular to the force exerted by the optical tweezers. In the case of inac-
curate orientation of colloidal probe in respect to the force generated by OT, the value of the force needs to 
be corrected by multiplying it by the cosine of the angle between the applied force and the normal to the 
cantilever surface.

2.	 Calculate the bead center position with OT laser turned off, as its initial position.
3.	 Set a known power for OT laser.
4.	 Place the OT beam at the distant edge of the bead. The laser beam can be positioned anywhere but not at 

the center of the bead. As the laser is focused on the bead, part of a primary beam can be obscured by the 
cantilever. To avoid such a situation, the laser should be set as far as possible from the particle center.

5.	 Calculate the bead center position and its displacement.
6.	 Increase the laser power. The colloidal probe should move slightly towards the beam as it experiences a higher 

force.
7.	 Move the beam to retain its position at the edge.
8.	 Repeat the procedure more than 5 times.

FZ =
nP

c

{

R sin2θ −
T
2[sin(2θ − 2r)+ Rsin2θ]

1+ R2 + 2Rcos2r

}

FX =
nP

c

{

1+ R cos2θ −
T
2[cos(2θ − 2r)+ Rcos2θ]

1+ R2 + 2Rcos2r

}

Figure 3.   (A) The determination of sphere center based on 2D image (analytical approach); (B) The 
dependence of a trap stiffness on the laser power.
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Results
The calculated stiffness of the trap corresponding to the specified laser power is presented in Fig. 3B. The range in 
which the trap preserves the linear characteristics has been distinguished on the graph. The points being beyond 
this range (over 60% of laser power) are not considered in further calculations. By matching a straight line to a 
graph, a function combining trap stiffness (St) with the laser power (P) set in the software can be determined: 
St = 1.039P + 0.2582. This allows to calculate the optical trap stiffness for a specified laser power.

In the proposed calibration method, the displacement of optical center of a colloidal particle as a result of 
interaction with the OT laser beam has been determined (Fig. 4). Force generated by the OT is shifting particle 
in Z direction (Fig. 4C,D). Direct observation of the experiment is presented in supplementary video 1 and video 
2. The position of particle is a derivative of the applied optical force. According to the first Newton Dynamic 
Law this force is equal to the force coming from cantilever elasticity (spring constant) which results in a stable 
position of the glass sphere.

The spring constants (k) of individual colloidal probe for each subsequent value of cantilever deflection can 
be determined using the Hooke’s law relationship: F = k ΔZ, where F represents the force influencing the colloidal 
probe, k is the spring constant of cantilever and ΔZ is the sphere center displacement. The spring constant/laser 
power dependence graphs (Fig. 5) enable to determine the OT generated force range in which the spring constant 
(k) is represented by fixed value. The elasticity constant of rectangular cantilevers modified to colloidal probes 
does not change over a wide range of the applied OT laser power (Fig. 5A). In the case of triangular (V-shape) 
cantilevers (Fig. 5B), the logarithmic function was fitted. Since it is impossible to define the exact equation 
describing the behavior of the V-shaped cantilever without fully knowing the distribution of the glue on the 
cantilever surface, we propose a logarithmic fit which combines simplicity and high accuracy in the described 
range. This function binds laser power (P) to the spring constant of cantilever (k). The spring constant of V-shape 
cantilevers cannot be described by a fixed value for the entire operating range, the spring constant appears to be 

Figure 4.   Cantilever deflection under the influence of increasing OT generated force for (A) rectangular 
cantilever (CSG10, NT-MDT) and (B) V-shape cantilever (PNP-TR-TL-SPL, NanoWorld). All cantilevers have 
been modified to colloidal probes. Particle position at lowest (C) and highest (D) applied laser power.

Figure 5.   The dependence of the force constant (k) on the OT laser power/generated force for A: rectangular 
cantilevers (CSG10, NT-MDT) modified to colloidal probes, and B: triangular (V-shape) cantilevers (PNP-TR-
TL-SPL, NanoWorld) modified to colloidal probes.
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represented by a fixed value only in a narrow range of action. Functions fitted to the spring constant/laser power 
dependence obtained for V-shape cantilevers are as follows:

The elasticity constants for all studied here AFM cantilevers obtained in the experiment agree on the order 
of magnitude with the manufacturer’s declared values. The results are summarized in Table 1.

Discussion
The proposed here calibration procedure is fast, universal and can be applied for cantilevers of unrestricted 
geometry. The approach described in this paper implements the direct force constant measurement, which helps 
to overcome several assumptions and approximations present in several commonly used calibration methods. 
The cantilever calibration based on OT is uninfluenced by numerous probe preparation imperfections such as the 
lack of symmetrical placement of a colloidal particle or imprecise fabrication of the cantilever itself. Furthermore, 
mechanical properties of glue (i.e. Young’s Modulus) and its distribution on the probe are usually undefined, but 
severely influencing the characteristics of the system. Even the location of the tip on the cantilever (the distance of 
the tip from the cantilever end) is known to affect the cantilever stiffness60. The imprecise attachment of colloidal 
particle introduces significant contribution to the cantilever stiffness because of the particle mass. The OT based 
calibration method allows to determine the spring constant without the need of modeling the mentioned factors. 
In the case of homemade colloidal probes, the amount of glue immobilizing the particle may be comparable 
with the mass of attached particle itself. The lack of knowledge about its mass, quantity and distribution on the 
cantilever introduces considerable uncertainty while employing existing calibration methods (i.e. based on the 
resonance frequency modeling61).

The results presented here show that cantilevers with more complex geometry (i.e. V-shape) display nonlinear 
response characteristics in wide operation range (Fig. 5B). In fact, the spring constant (k) can only be recognized 
as fixed value in a very narrow range of operation. The nonlinear characteristics of the triangular AFM cantile-
vers has been described earlier by Korayem et al.60. Computer generated virtual cantilever models confirm the 
behavior of V-shape probes observed here. The nonlinear behavior of AFM cantilevers has been confirmed also 
using the finite element method (FEM) simulations in several articles28–31. To support our experimental find-
ings related to nonlinearity of AFM cantilevers, we provide the FEM simulations in Supporting Materials. In 
fact, the spring constant of V-shape cantilevers should be considered as a force function. For a specific value of 
force during the force-spectroscopy experiment, the appropriate value of spring constant should be determined 
based on the function derived within the calibration process. It is the only way to improve the quality of the 
force-spectroscopy results and make them more comparable between various research groups, which seemed 
to be one of the biggest struggles in this field so far62.

The precise spring constant determination helps to avoid significant errors in all force-related colloidal probe 
experiments. The direct approach presented in this paper not only allows to determine the spring constant 
avoiding the influence of factors listed above, but it also provides a precise information about the characteristics 
of cantilever deflection as a function of increasing force generated by OT laser beam. Such knowledge allows to 
establish to what extent the deformation is linear and thus the spring constant can be recognized as fixed value 
in the case of rectangular cantilevers. For V-shape cantilevers, it derives the spring constant/force formula to 
calculate exact spring constant for the specific force applied in the experiment.

k3(P) =

{

P : 0.0528ln(P)− 0.0009P− 0.0422

P > 30% : 0.1171± 0.0021

k4(P) =

{

P : 0.0289ln(P)− 0.0003P− 0.0221

P > 45% : 0.0750± 0.0021

Table 1.   Juxtaposition of parameters provided by the manufacturer with the results obtained in the 
experiment. a The average values are derived from the measuring points of the linear cantilever operation 
region (Fig. 5). b In the case of cantilevers 3 and 4, the logarithmic function describing characteristics of the 
cantilever is fitted to experimental points (Fig. 5B).

Probe no Cantilever type

k declared by 
manufacturer (N/m)

k experimental (N/m)a Function fittedbMin Typical Max

1
CSG10 0.01 0.11 0.5

0.0304 –

2 0.0274 –

3
PNP-TR-TL-SPL 0.02 0.08 0.11

0.1171
for P > 30%

k3= { P : 0.0528ln(P)− 0.0009P− 0.0422

4 0.0750
for P > 45

k4= { P : 0.0289ln(P)− 0.0003P− 0.022
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Conclusions
The exact spring constant determination of AFM cantilever is essential due to the influence on the precision 
and efficiency of force-related AFM measurements. The calibration of colloidal probes is exceptionally difficult. 
In the case of presence of the colloidal particle displaying a large mass concentrated at the end of the cantilever, 
the resonance-based calibration methods do not produce the sufficient accuracy. The presented here calibra-
tion method minimizes any uncertainty associated with the geometry of the colloidal probe type cantilever and 
allows a significant increase in the accuracy of the results. In addition, it makes the calibration process quick, 
convenient, and highly repeatable.

There are several works describing the use of colloidal probes in the regime of large cantilever deflections 
during experiments63–65. The OT based calibration method allows to obtain more accurate results and to work 
in an extended regime of applied forces/cantilever deflection values in comparison to other methods. Therefore, 
this method is especially useful in biophysical research concerning AFM indentation.

The universal character of this method allows to calibrate, using OT, homemade colloidal probe cantilevers 
and also factory made pre-calibrated colloidal probes, especially in the case of uncertainty of the used calibra-
tion method accuracy (when single k-constant is provided). In the case of cantilevers with V-shape geometry, 
the assumption of their linear characteristic is a simplification and they cannot be described by a single spring 
constant. The additional calibration process and estimating spring constant/force formula, especially for V-shape 
probes will allow to use them in the wide range of applied forces.

Kim et al.66 compared several methods of cantilever calibration, but none of them allows to determine the 
force constant as a function of the applied force (deflection), which is essential for homemade cantilevers and 
experiments involving relatively large cantilever deflection. The OT based calibration method allows to obtain 
accuracy comparable to the static force calibration method described by Kim et al. (2%)66. However, the OT 
based calibration method is less complex and easy to apply.

The cantilever calibration method presented in this paper is fully applicable in routine AFM experiments and 
requires only a stable mounting of the AFM cantilever in the OT optical path. The high accuracy of the object 
positioning in the OT allows a precise determination of the cantilever spring constant.

Received: 1 July 2020; Accepted: 25 November 2020

References
	 1.	 Binnig, G., Quate, C. F. & Gerber, C. Atomic force microscope. Phys. Rev. Lett. 56, 930–933 (1986).
	 2.	 Ashkin, A. Acceleration and trapping of particles by radiation pressure. Phys. Rev. Lett. 24, 156–159 (1970).
	 3.	 Rief, M., Gautel, M., Oesterhelt, F., Fernandez, J. M. & Gaub, H. E. Reversible unfolding of individual titin immunoglobulin domains 

by AFM. Science 276, 1109–1112 (1997).
	 4.	 Kellermayer, M. S. Z., Smith, S. B., Granzier, H. L. & Bustamante, C. Folding-unfolding transitions in single titin molecules char-

acterized with laser tweezers. Science 276, 1112–1116 (1997).
	 5.	 Laurent, V. M. et al. Assessment of mechanical properties of adherent living cells by bead micromanipulation: comparison of 

magnetic twisting cytometry vs optical tweezers. J. Biomech. Eng. 124, 408–421 (2002).
	 6.	 Ohashi, T., Ishii, Y., Ishikawa, Y., Matsumoto, T. & Sato, M. Experimental and numerical analyses of local mechanical properties 

measured by atomic force microscopy for sheared endothelial cells. Biomed. Mater. Eng. 12, 319–327 (2002).
	 7.	 Senden, T. J. Force microscopy and surface interactions. Curr. Opin. Colloid Interface Sci. 6, 95–101 (2001).
	 8.	 Grier, D. G. Optical tweezers in colloid and interface science. Curr. Opin. Colloid Interface Sci. 2, 264–270 (1997).
	 9.	 Neuman, K. C. K. K. C. & Nagy, A. Single-molecule force spectroscopy: optical tweezers, magnetic tweezers and atomic force 

microscopy. Nat. Methods 5, 491–505 (2008).
	10.	 Pierini, F., Zembrzycki, K., Nakielski, P., Pawłowska, S. & Kowalewski, T. A. Atomic force microscopy combined with optical 

tweezers (AFM/OT). Meas. Sci. Technol. 27, 025904 (2016).
	11.	 Singer, W., Bernet, S., Hecker, N. & Ritsch-Marte, M. Three-dimensional force calibration of optical tweezers. J. Mod. Opt. 47–14, 

2921–2931 (2000).
	12.	 Ashkin, A., Dziedzic, J. M., Bjorkholm, J. E. & Chu, S. Observation of a single-beam gradient force optical trap for dielectric 

particles. Opt. Angular Momentum 11, 228–290 (1986).
	13.	 Knittel, P., Yoshikawa, T. & Nebel, C. E. Diamond colloidal probe force spectroscopy. Anal. Chem. 91, 5537–5541 (2019).
	14.	 Sader, J. E., Chon, J. W. M. & Mulvaney, P. Calibration of rectangular atomic force microscope cantilevers. Rev. Sci. Instrum. 70, 

3967–3969 (1999).
	15.	 Craig, V. S. J. & Neto, C. In situ calibration of colloid probe cantilevers in force microscopy: hydrodynamic drag on a sphere 

approaching a wall. Langmuir 17, 6018–6022 (2001).
	16.	 Tortonese, M. & Kirk, M. Characterization of application-specific probes for SPMs. Micromach. Imaging 3009, 53–60 (1997).
	17.	 McBride, S. P. & Law, B. M. Improved in situ spring constant calibration for colloidal probe atomic force microscopy. Rev. Sci. 

Instrum. 81, 113703 (2010).
	18.	 Gates, R. S., Osborn, W. A. & Shaw, G. A. Accurate flexural spring constant calibration of colloid probe cantilevers using scanning 

laser Doppler vibrometry. Nanotechnology 26, 235704 (2015).
	19.	 Han, G. & Ahn, H. S. Calibration of effective spring constants of colloidal probes using reference cantilever method. Colloids Surf. 

A Physicochem. Eng. Asp. 489, 86–94 (2016).
	20.	 Chung, K. H., Shaw, G. A. & Pratt, J. R. Accurate noncontact calibration of colloidal probe sensitivities in atomic force microscopy. 

Rev. Sci. Instrum. 80, 065107 (2009).
	21.	 Chen, X. et al. Micromechanical analysis of the hyaluronan-rich matrix surrounding the oocyte reveals a uniquely soft and elastic 

composition. Biophys. J. 110, 2779–2789 (2016).
	22.	 Leporatti, S. et al. Elasticity and adhesion of resting and lipopolysaccharide-stimulated macrophages. FEBS Lett. 580, 450–454 

(2006).
	23.	 Guz, N., Dokukin, M., Kalaparthi, V. & Sokolov, I. If cell mechanics can be described by elastic modulus: study of different models 

and probes used in indentation experiments. Biophys. J. 107, 564–575 (2014).
	24.	 Sokolov, I., Dokukin, M. E. & Guz, N. V. Method for quantitative measurements of the elastic modulus of biological cells in AFM 

indentation experiments. Methods 60, 202–213 (2013).



9

Vol.:(0123456789)

Scientific Reports |          (2021) 11:509  | https://doi.org/10.1038/s41598-020-79938-z

www.nature.com/scientificreports/

	25.	 Efremov, Y. M., Bagrov, D. V., Kirpichnikov, M. P. & Shaitan, K. V. Application of the Johnson–Kendall-Roberts model in AFM-
based mechanical measurements on cells and gel. Colloids Surf. B Biointerfaces 134, 131–139 (2015).

	26.	 Bush, B. G., Shapiro, J. M., DelRio, F. W., Cook, R. F. & Oyen, M. L. Mechanical measurements of heterogeneity and length scale 
effects in PEG-based hydrogels. Soft Matter 11, 7191–7200 (2015).

	27.	 Pham, J. T., Schellenberger, F., Kappl, M. & Butt, H. J. From elasticity to capillarity in soft materials indentation. Phys. Rev. Mater. 
1, 015602 (2017).

	28.	 Chen, B. Y., Yeh, M. K. & Tai, N. H. Accuracy of the spring constant of atomic force microscopy cantilevers by finite element 
method. Anal. Chem. 79, 1333–1338 (2007).

	29.	 Ding, W., Guo, Z. & Ruoff, R. S. Effect of cantilever nonlinearity in nanoscale tensile testing. J. Appl. Phys. 101, 034316 (2007).
	30.	 Mendels, D. A. et al. Dynamic properties of AFM cantilevers and the calibration of their spring constants. J. Micromech. Microeng. 

16, 1720–1733 (2006).
	31.	 Yeh, M. K., Chen, B. Y., Tai, N. H. & Chiu, C. C. Force Measurement by AFM cantilever with different coating layers. Key Eng. 

Mater. 326–328, 377–380 (2006).
	32.	 Sarshar, M., Wong, W. T. & Anvari, B. Comparative study of methods to calibrate the stiffness of a single-beam gradient-force 

optical tweezers over various laser trapping powers. J. Biomed. Opt. 19, 115001 (2014).
	33.	 Nieminen, T. A. et al. Optical tweezers: theory and modelling. J. Quant. Spectrosc. Radiat. Transf. 146, 59–80 (2014).
	34.	 Neuman, K. C. & Block, S. M. Optical trapping. Rev. Sci. Instrum. 75, 2787–2809 (2004).
	35.	 Smith, S. P. et al. Inexpensive optical tweezers for undergraduate laboratories. Am. J. Phys. 67, 26–35 (1999).
	36.	 Callegari, A., Mijalkov, M., Gököz, A. B. & Volpe, G. Computational toolbox for optical tweezers in geometrical optics. J. Opt. Soc. 

Am. B 32, B11 (2015).
	37.	 Williams, M. C. Optical Tweezers : Measuring Piconewton Forces. Biophysics Textbook Online (2002).
	38.	 Felgner, H., Müller, O. & Schliwa, M. Calibration of light forces in optical tweezers. Appl. Opt. 34, 977 (1995).
	39.	 Leach, J. et al. Comparison of Faxén’s correction for a microsphere translating or rotating near a surface. Phys. Rev. E Stat. Nonlinear 

Soft Matter Phys. 79, 26301 (2009).
	40.	 Lucy, L. B. An iterative technique for the rectification of observed distributions. Astron. J. 79, 745 (1974).
	41.	 Richardson, W. H. Bayesian-based iterative method of image restoration. J. Opt. Soc. Am. 62, 55 (1972).
	42.	 Li, T. Physical principle of optical tweezers. In Fundamental Tests of Physics with Optically Trapped Microspheres (ed. Li, T.) 9–21 

(Springer, Berlin, 2013).
	43.	 MacK, A. H., Schlingman, D. J., Regan, L. & Mochrie, S. G. J. Practical axial optical trapping. Rev. Sci. Instrum. 83, 103106 (2012).
	44.	 Shindel, M. M., Swan, J. W. & Furst, E. M. Calibration of an optical tweezer microrheometer by sequential impulse response. Rheol. 

Acta 52, 455–465 (2013).
	45.	 Visscher, K., Gross, S. P. & Block, S. M. Construction of multiple-beam optical traps with nanometer-resolution position sensing. 

IEEE J. Sel. Top. Quantum Electron. 2, 1066–1076 (1996).
	46.	 Berg-Sørensen, K. & Flyvbjerg, H. Power spectrum analysis for optical tweezers. Rev. Sci. Instrum. 75, 594–612 (2004).
	47.	 Wang, Z.-Q., Zhou, J.-H., Zhong, M.-C., Li, D. & Li, Y.-M. Calibration of optical tweezers based on an autoregressive model. Opt. 

Exp. 22, 16956 (2014).
	48.	 Capitanio, M. et al. Calibration of optical tweezers with differential interference contrast signals. Rev. Sci. Instrum. 73, 1687 (2002).
	49.	 Wong, W. P. & Halvorsen, K. The effect of integration time on fluctuation measurements: calibrating an optical trap in the presence 

of motion blur. Opt. Exp. 14, 12517 (2006).
	50.	 Schindelin, J. et al. Fiji: an open-source platform for biological-image analysis. Nat. Methods 9, 676–682 (2012).
	51.	 Kirshner, H., Aguet, F., Sage, D. & Unser, M. 3-D PSF fitting for fluorescence microscopy: implementation and localization applica-

tion. J. Microsc. 249, 13–25 (2013).
	52.	 Gandevia, S. C. Spinal and supraspinal factors in human muscle fatigue. Physiol. Rev. 81, 1725–1789 (2001).
	53.	 Gibson, S. F. & Lanni, F. Diffraction by a circular aperture as a model for three-dimensional optical microscopy. J. Opt. Soc. Am. 

A 6, 1357 (1989).
	54.	 Born, M. & Wolf, E. Principles of Optics: Electromagnetic Theory of Propagation, Interference and Difraction of Light (Cambridge 

University Press, Cambridge, 2003).
	55.	 Sage, D. et al. DeconvolutionLab2: an open-source software for deconvolution microscopy. Methods 115, 28–41 (2017).
	56.	 Schneider, C. A., Rasband, W. S. & Eliceiri, K. W. NIH image to ImageJ: 25 years of image analysis. Nat. Methods 9, 671–675 (2012).
	57.	 Ashkin, A. Forces of a single-beam gradient laser trap on a dielectric sphere in the ray optics regime. Biophys. J. 61, 569–582 (1992).
	58.	 Harada, Y. & Asakura, T. Radiation forces on a dielectric sphere in the Rayleigh scattering regime. Opt. Commun. 124, 529–541 

(1996).
	59.	 Roosen, G. & Imbert, C. Optical levitation by means of two horizontal laser beams: a theoretical and experimental study. Phys. 

Lett. A 59, 6–8 (1976).
	60.	 Korayem, M. H., Saraie, M. B. & Saraee, M. B. Analysis the effect of different geometries of AFM’s cantilever on the dynamic 

behavior and the critical forces of three-dimensional manipulation. Ultramicroscopy 175, 9–24 (2017).
	61.	 Butt, H. J. & Jaschke, M. Calculation of thermal noise in atomic force microscopy. Nanotechnology 6, 1–7 (1995).
	62.	 Sader, J. E. et al. A virtual instrument to standardise the calibration of atomic force microscope cantilevers. Rev. Sci. Instrum. 87, 

093711 (2016).
	63.	 Carl, P. & Schillers, H. Elasticity measurement of living cells with an atomic force microscope: data acquisition and processing. 

Pflugers Arch. Eur. J. Physiol. 457, 551–559 (2008).
	64.	 Chui, C. Y., Bonilla-Brunner, A., Seifert, J., Contera, S. & Ye, H. Atomic force microscopy-indentation demonstrates that alginate 

beads are mechanically stable under cell culture conditions. J. Mech. Behav. Biomed. Mater. 93, 61–69 (2019).
	65.	 Tang, G., Galluzzi, M., Biswas, C. S. & Stadler, F. J. Investigation of micromechanical properties of hard sphere filled composite 

hydrogels by atomic force microscopy and finite element simulations. J. Mech. Behav. Biomed. Mater. 78, 496–504 (2018).
	66.	 Kim, M. S., Pratt, J. R., Brand, U. & Jones, C. W. Report on the first international comparison of small force facilities: a pilot study 

at the micronewton level. Metrologia 49, 70–81 (2012).

Acknowledgements
The authors gratefully acknowledge the financial support of ICSC PAS Statutory Fund. The authors would like 
to thank Dr Leszek Krzemień for fruitful discussions related to nonlinearity of materials and finite element 
method (FEM) simulations.

Author contributions
J.B. designed the research concept; J.B., K.S. manufactured colloidal probes; data acquisition: mainly T.W. and 
Z.B., J.B. and K.S participated in a data acquisition process in minor extent; T.W., Z.B., K.S., Z.R. and J.B. par-
ticipated in data analysis and contributed to manuscript preparation.



10

Vol:.(1234567890)

Scientific Reports |          (2021) 11:509  | https://doi.org/10.1038/s41598-020-79938-z

www.nature.com/scientificreports/

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material availlable at https​://doi.
org/10.1038/s4159​8-020-79938​-z.

Correspondence and requests for materials should be addressed to K.S. or J.B.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat​iveco​mmons​.org/licen​ses/by/4.0/.

© The Author(s) 2021

https://doi.org/10.1038/s41598-020-79938-z
https://doi.org/10.1038/s41598-020-79938-z
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Increasing AFM colloidal probe accuracy by optical tweezers
	Materials and methods
	Colloidal probes preparation. 
	Optical tweezers measurements. 
	The calibration of the OT stiffness. 

	Confocal microscopy imaging. 
	The determination of sphere center based on 2D image (software automated). 

	Theorycalculations
	Experimental procedure for calibration colloidal probes with optical tweezers
	Results
	Discussion
	Conclusions
	References
	Acknowledgements


