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Nanomechanical measurements of cells and single molecules with atomic force microscopy (AFM) require accurate calibration of two parameters: the spring constant of the cantilever (k) and the inverse of the optical lever sensitivity (InvOLS). The most established calibration approach in liquid involves determining the InvOLS by acquiring force-distance curves on a stiff surface, k is then calculated using the thermal spectrum (PSD) of the cantilever via the equipartition theorem. Recent studies have proposed using cantilevers with calibrated k and then determining the InvOLS from the thermal spectrum. These non-contact approaches improve the precision of nanomechanical measurements compared to conventional contact-based approaches. The Sader method or the recent global calibration initiative (GCI) are accurate approaches and do not require knowledge of the InvOLS to determine k, thus they would allow one-step calibration of AFM in liquid. However, both methods assume high quality factor cantilevers, not the case for most cantilevers in liquid. Here we assess the accuracy and precision of the Sader and GCI methods in liquid on two types of cantilevers with low Q-factor using two different PSD fitting models (SHO and Pirzer). We evaluate the two approaches using only the thermal spectrum in liquid to calibrate both k and the InvOLS. While both methods led to similar results, the GCI approach is less prone to systematic uncertainties and, using the SHO model, provides higher accuracy in k and the InvOLS. Therefore, the proposed SHO, GCI-based approach utilizing only the thermal spectrum in liquid is precise and accurate and allows one-step calibration of AFM.
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INTRODUCTION

Force measurements using atomic force microscopy (AFM) are becoming a standard and robust method to probe the mechanical properties of living cells, protein unfolding, and receptor-ligand bonds [1]. The first steps before any force measurement require the calibration of the spring constant of the cantilever (k) and the inverse of the optical lever sensitivity (InvOLS) and are crucial for accurate quantification of the measured and applied forces. Importantly, in biological applications, measurements are commonly carried out in liquid and require determination of the InvOLS in a liquid environment just before experiments.

The most established approach for AFM calibration currently consists of acquiring force-distance curves on a hard substrate and determining the slope of the contact part (OLS) or its inverse (invOLS, in units of nm/V). The spring constant is then calculated using the thermal method, acquiring the thermal noise spectrum of the cantilever deflection (d) of the fundamental mode of oscillation in liquid and invoking the equipartition theorem [2]
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Where kB is the Boltzmann constant and T, the absolute temperature. k1 is the spring constant of the first, or fundamental, oscillation mode of the cantilever, in turn, related to the spring constant of the cantilever by a correction factor β = k/k1, β = 0.971, for a rectangular cantilever [3]. The actual value of the mean square deflection of the fundamental mode (< d2>) is commonly calculated analytically, from the fit to the power spectral density (PSD) of the thermal fluctuations of the simple harmonic oscillator (SHO) or a related model, like the one developed by Pirzer and Huger for cantilevers in liquid [4–6].

Calibration of the spring constant has drawn most of the attention in the past, and much effort has been dedicated to developing different calibration methods [7–12]. One of the most common methods is the Sader method, which does not require the acquisition of a force-distance curve on a hard surface but only the plan view dimensions of a cantilever and the resonance frequency (fR = ωR/2π) and quality factor (Q) of the first flexural mode. Knowing these parameters allows us to determine k from
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for rectangular shape cantilevers, being ρ is the density of the surrounding fluid, b and L are the width and length of the cantilever, respectively, and Γi(f R), the imaginary part of the hydrodynamic function evaluated at the resonant frequency [9, 13]. The Sader method was originally developed for rectangular cantilevers and then extended to cantilevers of arbitrary shape [11]. This led to the idea of determining the spring constant of an uncalibrated cantilever using the parameters of a calibrated reference cantilever with the same geometry and dimensions. To reduce the uncertainty of the above equation, Sader et al. recently suggested using an averaged value of multiple reference cantilevers which evolved into a community-contributed approach. The global calibration initiative (GCI) was, thus, proposed by Sader et al. to standardize the calibration of AFM cantilevers using a virtual instrument consisting of an online database with parameters from reference cantilevers [14]. The GCI method takes advantage of the fact that, for any given cantilever type with the same plan view dimensions, a reference coefficient (A) can be defined to determine k from only the measured f R and Q using
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where the A-coefficient is determined from the community-driven average of multiple reference cantilevers, and is calculated as
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where kref, Qref, and f R,ref, are the spring constant, quality factor, and resonance frequency of reference cantilevers uploaded by different users to the online database. The accuracy of this universal A-coefficient for a particular cantilever, i.e., of the calibration method, improves as the number of reference cantilevers uploaded by the community increases. In principle, both Sader and GCI methods are valid for cantilevers with high-Q, not the case for most cantilevers immersed in liquid as commonly used in AFM studies of biological systems. However, the Sader method has been also applied in liquid leading to satisfactory results [12].

Accurate calibration of the InvOLS is as much or even more critical than the calibration of the spring constant. However, little attention has been given to this parameter until recently. As mentioned before, the common calibration method of the InvOLS consists of obtaining force-distance curves (calibration curves) on a rigid substrate and calculating the resulting slope of the contact region. This method presents several drawbacks. First, it requires a rigid surface, which is not always accessible, for example, with tissue or confluent cell monolayers. Second, it requires a high contact force to obtain a linear deflection-distance relation free of artifacts associated to possible long-range forces, tip contamination, etc. Such a high contact force may damage the tip, especially if it is functionalized with biomolecules, as used in receptor-ligand or (un)folding measurements. Third, the possible uncertainty in the InvOLS propagates as 2-fold when using the thermal method to calibrate k. Thus, uncertainties associated with this method may be the main reason for inaccurate and variable force determination in AFM experiments, even for the same experimental system.

Higgins and coworkers proposed a non-contact approach to determine the InvOLS assuming that the spring constant remains unchanged in air and liquid [15]. The approach consists in calibrating the spring constant in air with the Sader method and calibrating the InvOLS from the thermal spectrum. It is important to note that the InvOLS obtained from the thermal of a freely vibrating cantilever (InvOLSfree) is not the same as that obtained from the contact-based approach. To convert from the free to end loaded (contact-based) InvOLS, a correction factor is required: [image: image]. For rectangular cantilevers, χ = 1.09 [11]. In their approach, the authors used the equipartition theorem (Equation 1) with d = dV·InvOLSfree (being dV the deflection in Volts) and reported accuracies of ~10%, as compared to the values obtained with the classical contact approach [15]. More recently, a series of experiments of the very same hydrogels and living cells was carried out across different laboratories in Europe, which aimed to establish a standardized approach for mechanical measurements. The authors used cantilevers with pre-calibrated spring constant, in this case using a vibrometer, then calibrating the InvOLS from the thermal spectrum with high accuracy. This standardized nanomechanical AFM procedure (SNAP) successfully reduced the variability in Young's modulus of the soft samples to ~1%, which is much lower than using the established contact approach, as it is more precise [16]. While the SNAP approach is advantageous, the possibility of using vibrometers to determine the spring constant of the cantilever is tedious and not available to most AFM laboratories. Thus, a method to calibrate both k and the InvOLS using standard AFM instrumentation in liquid would be a clear advance toward ease of use and applicability of AFM quantitative measurements. To reach this goal, given the shown precision and accuracy of using the thermal in liquid to calibrate the InvOLS, the main requirement would be to provide a robust method to calibrate the spring constant in liquid, thus on PSD featuring low-Q factor (~1), without knowledge of the InvOLS. While some AFM manufacturers already propose this one-step calibration approach using Sader's method, it requires knowledge of the cantilever geometry and dimensions. Thus, the GCI in liquid may be a more appropriate approach but it has not been assessed so far.

Here, we propose and validate two approaches to calibrate k and, then, the InvOLS from the same thermal spectrum in a liquid environment. The proposed one-step calibration approaches are based on the determination of the spring constant using the conventional Sader method and the recent GCI but in liquid. We also assess the influence of the PSD fitting model by comparing the SHO and Pirzer models to obtain the PSD parameters in liquid. Our results show that using the SHO model, the Sader, and GCI approach in liquid lead to similar calibration parameters, while the GCI appears to be more accurate and less prone to systematic errors.



METHODS


Cantilever Characterization

To validate the two methods, we chose two types of rectangular cantilevers (Olympus AC10 and AC40) with similar spring constant ~0.1 N/m but different resonance frequency (~40 and ~500 kHz, in liquid) representing common cantilevers used in conventional and high-speed AFM [17]. A total of 20 AC10 and 25 AC40 cantilevers were used. The plan view dimensions (length and width) of at least 5 different cantilevers were determined from scanning electron microscopy images. Electron microscopy imaging was carried out on a JEOL 5910 (Japan) and a Teneo VS (FEI, The Netherlands) running in a high vacuum, at 10 kV and using an ETD secondary electrons detector.



Acquisition of Thermal Fluctuation Spectra

The thermal power spectral density of each cantilever was acquired away from any surface (>300 μm [18]) in air and liquid on an HS-AFM (RIBM, Japan), featuring an optical detection system of 20 MHz-bandwidth (MPR-1 AFM, Graviton, Japan) and a high-speed acquisition board system (PXI; National Instruments) at sampling rates up to 20 MS/s, using a custom made software developed in LabView. AC10 spectra in liquid and AC40 spectra in air and in liquid were acquired using a low-pass filter at 3 MHz.



Thermal Spectrum Analysis

The electronic 1/f noise was removed from the PSD by subtracting a linear fit of the data at f <10 kHz for AC10 and f <3 kHz for AC40 to minimize possible artifacts in the fit parameters [12, 19]. The range for fitting the PSD models was determined automatically by detecting the frequency at the resonance peak (fmax) within a predefined range expected for each cantilever type. We tested three different ranges of frequencies to fit the models [fmax/m, fmax·m] with m = 1.5, 2, and 3. After 1/f removal and range selection, the PSD was used to fit the damped SHO model
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and the model proposed by Pirzer and Hugel [4], derived from the simple harmonic oscillator assuming a Lorentzian response to describe low-Q cantilevers
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where B is the amplitude of the thermal noise and Awhite is white noise. From the fit, we extracted the f R, Q, and B for each cantilever, which was then used to determine k and the InvOLS.



Spring Constant Determination

The fit of the SHO to thermal spectrum in air allowed us to extract f R and Q of each cantilever. The spring constant in air (kair) was then determined with the Sader method (Equation 2) and with the GCI method (Equations 3 and 4) separately. To obtain the average A-coefficient of the GCI method in air, we used our collection of reference cantilevers. The resulting spring constant (kair) calculated using the Sader method, was used as the reference for each cantilever.

The thermal spectrum in liquid was fitted with both SHO and Pirzer models to extract f R and Q. Then, the spring constant in liquid (kliq) of each cantilever was determined with the Sader method (Equation 2) and with the GCI method (Equation 3) separately. In the GCI method, the average A-coefficient in liquid was calculated as

[image: image]

where kair is the spring constant determined in air for each cantilever using Sader method, and Qliq, and f R,liq, are the quality factor and resonance frequency of the same cantilever, respectively, but from the fits to the PSD in liquid. To notice, as in the original work by Higgins and coworkers, Equation 7 assumes that the spring constant remains unchanged in air and in liquid [15].



InvOLS Determination

Integrating Equations 5 and 6 we obtain the mean squared deflection of the cantilever for the SHO model
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and for the Pirzer model
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The end loaded InvOLS in liquid (InvOLSliq) was determined by replacing Bm, the amplitude of the thermal noise in units of length, with B·InvOLSfree in Equations 8 and 9, and using the equipartition theorem (Equation 1), for the SHO model considering the correction factors χ and β described before
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and for the Pirzer model
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Notice that Equations 10 and 11 coincide for Q>>1 but differ up to 40% for Q~1, as in the case of soft cantilevers in liquid. The actual correction factors χ and β depend on the shape of the cantilever, and different values have been reported [2, 3, 11, 20, 21]. In this work, we have assumed the general values for a rectangular cantilever (χ = 1.09 and β = 0.971). Correction factors due to the tilt angle to mount the cantilever or the spot size and position were not considered in this work [4, 16, 22, 23].



One-Step Calibration Approach

To summarize, the one-step calibration approaches assessed in this work involved the following substeps using either SHO or Pirzer models to fit the PSD and Sader or GCI for spring constant calibration:

1) Acquisition of the thermal PSD in liquid;

2) Fitting SHO or Pirzer model to the PSD in liquid to extract f R, Q, and B;

3) Calculation of k in liquid using Sader (Equation 2) or GCI (Equations 3 and 7);

4) Calculation of InvOLS in liquid using kliq from substep 3 on Equation 10 (SHO) or Equation 11 (Pirzer).

Thus, all the parameters in the above procedure are determined from the PSD in liquid.




RESULTS AND DISCUSSION

Representative examples of PSD with the corresponding fitted models are shown in Figure 1. Subtraction of the typical 1/f noise present at low frequencies did not influence substantially (≲0.02% for f R and ≲0.06% for Q, see the table with all fitted parameters in the Supplementary Material) the extraction of f R and Q for the two types of cantilevers used. This is likely due to the relatively high resonance frequency of these cantilever types (~30 and ~°500 kHz, for AC10 and AC40, respectively), leading to a resonance peak not importantly distorted by 1/f noise. However, the correction may be important in liquid for other cantilevers with lower f R and helps in the automatic detection of the first resonance peak. Both models (Pirzer and SHO) fitted well the PSD over the frequency range [f R/2, 2f R] used for this study (Figure 1). Using other ranges [f R/1.5, 1.5f R] and [f R/3, 3f R] resulted in similar results (≲0.03% for f R and ≲0.06% for Q, see Supplementary Material). The average dimensions and values of extracted parameters from the SHO fit in air from all the cantilevers used in this work are summarized in Table 1. The deviations in length and width of the cantilevers presented negligible variability (~2%), well-below the variability found on the spring constant or InvOLS parameters, thus having a minor influence in the results. In the air, the standard deviation across cantilevers for f R and Q was of ~10%, and for kair it was of ~16% using either Sader or GCI methods. This suggests that the primary source of variability in kair was the actual variability across cantilevers. To notice, we assume the value of kair as accurate, as it has been validated before against vibrometer calibration [11, 14]. Thus, we use kair as the actual spring constant and reference to compare the spring constants calculated from GCI and Sader methods in liquid. Since the collection of cantilevers to obtain the reference A-coefficient for the GCI method is the same as used for the Sader estimation of kair of each cantilever, the average spring constant in air using the two methods led virtually to the same value. Importantly, the A-coefficient obtained from our collection of cantilevers is in excellent agreement with the currently reported universal A-coefficient in the GCI website for both cantilever types (https://sadermethod.org).


[image: Figure 1]
FIGURE 1. Representative examples of thermal spectra in air (light gray dots) and liquid (dark gray dots) with the corresponding fit of the SHO model in air (solid dark gray line with f R = 1 453 kHz and Q = 56 for AC10, left, and f R = 121 kHz and Q = 50 for AC40, right) and SHO model in liquid (solid magenta line, with f R = 639 kHz, Q = 1.26 and χ2 = 0.75 for AC10, left, and f R = 34 kHz, Q = 2.1 and χ2 = 5.8 for AC40, right) and the Pirzer model in liquid (solid cyan line, with f R = 493 kHz, Q = 0.73 and χ2 = 1.01 for AC10, left, and f R = 31 kHz, Q = 1.8 and χ2 = 8.2 for AC40, right). The insets show plan view electron micrographs of each cantilever type.



Table 1. Summary of the cantilever parameters in air.
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We applied the two proposed approaches (Sader and GCI) to calculate the AFM calibration parameters in liquid using both SHO and Pirzer models as described in section One-Step Calibration Approach. For each cantilever, we acquired the PSD in liquid, fitted the SHO, and Pirzer models to determine Q, f R, and B and then calculate the spring constant in liquid (kliq) using either Sader or GCI. Finally, the InvOLSliq was calculated using the calculated kliq in Equations 10 and 11, for SHO and Pirzer, respectively. To have a reference InvOLSliq value, in the last step we used our reference kair and the SHO parameters in liquid to obtain InvOLSliq,kair from Equation 10 (Table 2). This is the method originally proposed by Higgins et al. [15] and showed to lead to accurate results, close to the “standard” contact-based InvOLSliq [15, 16]. The absolute values of both kliq and InvOLSliq using the different methods and PSD models are shown in Table 2. The absolute values of InvOLSliq for all the individual cantilevers are shown in Figure 2 (left) vs. the corresponding reference values InvOLSliq,kair. Notice that all InvOLS values refer to liquid and only the PSD fitting model and/or the spring constant calibration approach changed.


Table 2. Summary of the cantilever parameters in liquid.
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[image: Figure 2]
FIGURE 2. (Left) Scatter plot showing the individual InvOLSliq values calculated using the different approaches and PSD models vs. the reference value InvOLSliq,kair for AC10 (top), and AC40 (bottom). (Right) Boxplot of the InvOLS values in liquid normalized by the InvOLS in liquid using kair, using either Sader and GCI calibration methods with either Pirzer and SHO models for AC10 (top) and AC40 (bottom). The red line is the median, the boxes show the 25th and 75th percentiles, and whiskers represent 2.7-times the standard deviation.


The standard deviation across cantilevers in kliq using either method was ~20 and ~40% for AC10 and AC40, respectively, higher than that found in kair (~15 and ~18%, respectively). This suggests possible uncertainties in the determination of f R and Q in liquid as we address below. The standard deviation observed in our reference InvOLSliq,kair across cantilevers (~30% and ~70% for AC10 and AC40, respectively), was higher than that of kair. This suggests other sources of variability added to the differences across cantilevers; likely the power of the laser source, the alignment of the laser spot on the cantilever, and/or the overall reflected light reaching the photodiode. Thus, this variability does not denote the low accuracy of the approach, but instead, indicates the effects of different experimental conditions.

It is important to assess the systematic uncertainties derived in the fitted parameters. The work of Sader et al. allowed us to determine the theoretical uncertainties in f R, Q, and B using the SHO [5]. According to this work, standard deviation depends on the ratio between the white noise (Aw) and the amplitude of the thermal noise (B), as well as on the measurement duration (at least 1 s in our case), and the width of the fit window (we conservatively considered the range ± 1/2 f R). Using the exact formulas for any Q and window width (SI in [5]), we obtained uncertainties of 5 and 20% for B, 5, and 20% for Q and 0.1 and 0.4% for f R, for AC10 and AC40, respectively. After error propagation, we found that the relative contribution of the uncertainty in f R was negligible both to determine kliq and InvOLSliq. Regarding the determination of kliq, as expected, determination of the quality factor introduces the largest uncertainty. Since both Sader and GCI equations for kliq (Equations 2 and 3) depend proportionally on Q, error propagation results in a corresponding uncertainty of ~5 and ~20% for AC10 and AC40, respectively, which adds to the variability across cantilevers. This results in a higher standard deviation of kliq compared to kair, as we observed. In the case of the InvOLSliq, error propagation resulted in a relative contribution of the uncertainty in Q of ~20%, while uncertainties in B are the most important, with a relative contribution of ~80%. Thus, the corresponding overall uncertainty in InvOLSliq was of ~6 and ~20% for AC10 and AC40, respectively, and also adds to the variability across cantilevers and experimental conditions. The above estimation of uncertainty is theoretical and other sources of error may influence the determination of the fitted parameters, such as proximity of the cantilever to the sample surface and experimental acoustic noise [24–26].

As shown in Figure 1, both SHO and Pirzer models fitted well to the PSD in liquid resulting in Q~1 in both cases. In the case of the PSD in air, SHO or Pirzer models lead to the same values of f R and Q within 0.03 and 0.3%, respectively. In the case of soft cantilevers in liquid, i.e., with Q≲O (1), it has been suggested that the quality factor extracted from the SHO is only qualitative, as the equation is an approximation of the response for f ~f R, valid for high Q [13]. The Pirzer model was proposed to better describe the frequency response of low-Q cantilevers. As shown in Table 2, the values of f R and Q estimated by the Pirzer model were systematically lower than those estimated with the SHO (~60% for AC10 and ~20% for AC40). This considerable difference in both f R and Q when using different models was observed for each cantilever, and it is inherent to the models. This brings into question what are the actual values of f R and Q in liquid for these cantilevers and what is, thus, the contribution of the chosen PSD model in the estimation of the spring constant in liquid. The results reported in Table 3 allowed us to further assess this point.


Table 3. Summary of the normalized cantilever parameters in liquid.
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The first stage toward a one-step calibration is to evaluate the accuracy and precision in the determination of the spring constant in liquid (Tables 2, 3). Compared to the spring constant calibrated in air (kair), the spring constant calculated with the Sader method in liquid (kliq, Sader) was systematically lower using the Pirzer model (~50% for AC10 and 17% for AC40), while it was slightly higher using the SHO model (~4% for AC10 and ~17% for AC40). This suggests that in the chosen model, to fit the PSD is important and that Pirzer's model may underestimate the spring constant when using the Sader method in liquid. In contrast, using the GCI calibration in liquid provided average kliq,GCI values varying from kair between 4 and 8% when using Pirzer and between 3 and 5% when using the SHO and with a standard deviation between 15 and 25%, similar to that found in air. Therefore, in liquid, the GCI method seemed to be more accurate (≲8%) and more precise (≲25%) than the Sader method, findings similar to that reported using other methods (10–20%) [12]. The SHO model also seems to lead to more accurate results across approaches than Pirzer's, with values closer to kair. Importantly, the GCI model appears to be less sensitive to the model chosen to fit the PSD, provided the same model is always applied, suggesting that GCI method is less prone to systematic uncertainties. Nevertheless, the results of the GCI approach should be taken cautiously because the collection of cantilevers to obtain the average A-coefficient was the same as the sample pool, which is addressed later in this article.

To determine the InvOLS from the PSD in liquid, we used the calibrated spring constants with Sader and GCI methods in liquid, using either SHO or Pirzer models (Equations 10 and 11). The results are shown in Table 3 and Figure 2, and after normalization with the reference InvOLSliq,kair in Table 2 and Figure 2. As expected from the results in the spring constant calibration, using kSader,liq with Pirzer parameters, led to a deviation from InvOLSliq,kair of ~20% for AC10 and ~9% for AC40, while with SHO parameters, the deviation (accuracy) was only of ~1 and 6%, respectively. Using kGCI,liq with Pirzer parameters led to a difference of ~20% for AC10 and ~5% for AC40, while with SHO parameters, the difference was <1% for both cantilevers, remarkably smaller. Despite this, the accuracy in the determination of the InvOLS using the thermal spectrum was higher than the accuracy in the determination of kliq, as has been suggested before [15, 16]. Thus, overall the use of the Pirzer model to determine f R and Q seemed to introduce a systematic bias in the calibration of kliq and InvOLSliq: with spring constants in liquid 4% higher than kair using the GCI method, but ~50% lower, using the Sader method, and variations up to ~20% but with the opposite trend in the InvOLSliq. This was not the case with the SHO model. This suggests that, compared to Pirzer's, the SHO model described more accurately the response of low Q cantilevers, perhaps due to its simplicity. Importantly, since the systematic bias introduced using the Pirzer model may, in Equation 7, cancel out the GCI approach, as the associated uncertainty seems to be less important when applying this approach.

Taken together, our results show that using the GCI method with the SHO model to determine kliq,GCI leads to a value closer to kair (within 5%) showing the higher accuracy of the approach. They also show less dispersion (~20%), suggesting higher precision. Thus, using kliq,GCI, and the SHO parameters to determine InvOLSliq, GCI resulted in a value that was also more accurate (as kliq,GCI is more accurate and more precise). This was reflected in Table 3, were the InvOLSliq,CI using SHO was closer to InvOLSliq,kair (within 1%) and less scattered (~10%) Thus, the most accurate one-step AFM calibration approach to determine kliq and InvOLSliq in liquid involves using the SHO model to estimate f R, Q and B together with the GCI method.

As mentioned above, the GCI approach requires a collection of well-calibrated cantilevers that are used as a reference to determine the average A-coefficient (Equations 4 and 7 for air and liquid, respectively). As the number of reference calibrated cantilevers increases, the accuracy in A-coefficient improves. To evaluate the actual uncertainty and convergence of the average A-coefficient in liquid as a function of the number of reference cantilevers used, we applied a bootstrapping approach. Figure 3 shows 17 repetitions with each point representing the average A-coefficient calculated form N random reference cantilevers chosen without replacement from our collection of cantilevers. As a reference, we report the data for the A-coefficient in air using the same approach. In air, after ~10 cantilevers for AC10 and ~15 cantilevers for AC40, the average A-coefficient seemed to converge to the average value (solid blue line) of all the N cantilevers and the variability remained relatively constant. Similar results were obtained in liquid (results using SHO). In both cases, the relative spread of the values decreases as increasing N. It is important to note that the relative spreading was much lower in air than in liquid, suggesting that a larger number of reference cantilevers in liquid would be required to obtain comparable precision than in air.


[image: Figure 3]
FIGURE 3. Boxplots showing the 17 repetitions (symbols) of the average A-coefficient calculated using N random reference cantilevers from our pool. The Red line is the median, boxes show the 25th and 75th percentiles, and whiskers represent the most extreme values not considered as outliers. The blue solid line is the average A-coefficient with all N considered. (A) AC10 cantilevers (B) AC40 cantilevers.




CONCLUSIONS

In this work, we have assessed two different approaches that allow the one-step calibration of AFM in liquid. These two approaches were based on the Sader and GCI methods to determine both kliq and InvOLSliq from the thermal spectrum in liquid using the parameters f R, Q and B extracted from the first flexural mode using either SHO or Pirzer's model. First, the spring constant was obtained by using Sader and GCI methods, while the InvOLSliq was determined from the equipartition theorem. Our results showed that using the Pirzer model may induce a bias in the calibration of kliq via the Sader method as high as 2-fold compared to kair. This bias was reduced to 3–5% using the SHO model together with the GCI method. Similarly, using Pirzer with the Sader method in liquid introduced a bias up to 20% in the calibration of the InvOLSliq, which was reduced to ≲1% using SHO with the GCI model. Therefore, the GCI method using the SHO model provided the most accurate results, as compared to the non-contact calibration in air, both in the spring constant (~4%) and InvOLS (~1%). Moreover, GCI was less prone to possible bias in the PSD fitted parameters as it resulted in kliq closer to kair, independently of the used PSD model.

Thus, the proposed one-step calibration will involve the following procedure:

• Acquisition of the thermal PSD in liquid;

• Fitting the SHO model to the PSD in liquid to extract f R, Q, and B;

• Calculation of k in liquid using GCI (Equations 3 and 7);

• Calculation of InvOLS in liquid using Equation 10 (SHO).

Notice the importance of using the SHO model to extract the PSD parameters. The obvious drawback of the GCI approach in liquid is the prerequisite of a collection of reference cantilevers. However, this turns out to be an advantage as, being a global initiative, it will improve the accuracy of the calibration as the number of users increases. Moreover, it will allow, if necessary, future corrections of published data provided the A-coefficient, f R, and Q parameters are reported. Furthermore, the GCI approach does not require a priori knowledge of geometry and the dimensions of the cantilever, which may be difficult to model in some cases, for example in paddle shape or V-shaped cantilevers. Cantilever manufacturers start to commercialize cantilevers with the spring constant calibrated using vibrometers, which facilitates the establishment of the GCI database. This opens the door to the rapid implementation of the proposed GCI method in liquid on cantilevers of arbitrary shape. Thus, the proposed one-step calibration of AFM in liquid is the foundation for fast, robust, accurate, and standardized quantitative force measurements on biological samples.
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