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Atomic force spectroscopy is an ideal tool to study molecules at surfaces and interfaces. An experimental protocol to couple a large variety of
single molecules covalently onto an AFM tip is presented. At the same time the AFM tip is passivated to prevent unspecific interactions between
the tip and the substrate, which is a prerequisite to study single molecules attached to the AFM tip. Analyses to determine the adhesion force,
the adhesion length, and the free energy of these molecules on solid surfaces and bio-interfaces are shortly presented and external references
for further reading are provided. Example molecules are the poly(amino acid) polytyrosine, the graft polymer PI-g-PS and the phospholipid POPE
(1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine). These molecules are desorbed from different surfaces like CH3-SAMs, hydrogen
terminated diamond and supported lipid bilayers under various solvent conditions. Finally, the advantages of force spectroscopic single molecule
experiments are discussed including means to decide if truly a single molecule has been studied in the experiment.

Video Link

The video component of this article can be found at https://www.jove.com/video/52456/

Introduction

Over the past 30 years, atomic force microscopy (AFM) has turned out to be a valuable imaging technique to study biological 2 and

synthetic 3 materials and surfaces since it provides molecular spatial resolution in all three dimensions and can be operated in various solvent
environments. In addition, AFM-single molecule force spectroscopy (SMFS) enables to measure forces ranging from the pN to uN regime

and has given unprecedented insight for example into protein folding 4’5, polymer physics 68 , and single molecule-surface interaction®'%.The
rationale behind studying single molecules rather than an ensemble of molecules is to avoid averaging effects which often mask rare events
or hidden molecular states. Furthermore, a multitude of molecular parameters such as the contour length, the Kuhn length, the adhesion free
energy, etc. can be obtained. This is detailed in the examples below. In a typical AFM-SMFS experiment, the probe molecule is coupled to a
very sharp tip via a linker molecule. The tip itself is located at the end of a bendable cantilever. If the tip is brought into contact with the surface
the probe molecule will interact with this surface. By observing the deflection of the cantilever upon retraction of the tip, the force, and hence
the free energy, to detach the molecule from the surface can be determined. To obtain meaningful statistics, a large number of so called force-
distance curves have to be acquired. Furthermore, to have true single molecule experiments (i.e., using one and the same probe molecule
over the duration of the whole experiment) the probe molecule should be coupled covalently to the AFM tip. Here, an experimental protocol for
cantilever functionalization with a single molecule via a covalent bond is presented. The single molecule can either be coupled via an amino or
a thiol group to the AFM tip. The conjugation process can be performed in a broad variety of solvents (organic and aqueous) to account for the
solvation properties of the polymers used.

In the first part, a general protocol to covalently attach a single molecule (“probe molecule”) via a linker molecule to an AFM tip is described. To
this end, organic NHS- or maleimide-chemistry is used"™. Along with the protocol for three example molecules, the data acquisition and data
analysis processes are described and references for further reading are provided. The example molecules are: the (linear) polymer tyrosine, the
graft polymer Pl-g-PS and the lipid POPE. This includes slight variations of the protocol, for example to covalently attach cysteines. In addition,
a section is dedicated to the preparation of different surfaces such as a diamond surface, a CHs-self-assembled monolayer and lipid bilayers.
These interfaces have proven to be good references and examples.

Protocol

NOTE: See Figure 2 for an overview of the process flow comprising the preparation, the data acquisition and data analysis steps.
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1. Reagent Setup

NOTE: All chemicals must be handled with care, and thus a lab coat, gloves and eye protection should be used. All operations must be
performed in a laboratory hood. In particular, special gloves should be worn in case of chloroform use.

1.

Use chemicals with low water content such as dry chloroform rapidly and store dry but not longer than a week. Store both chemicals at -20 °C
and under nitrogen or argon gas because APTES ((3-aminopropyl)triethoxysilan) (see Table 1) and PEG (polyethylenglycol) are hygroscopic
and PEG is subject to oxidation in air.

To avoid frequent exposure of the stock to atmospheric oxygen and moisture, prepare smaller aliquots, ideally within a glovebox system with
a nitrogen atmosphere.

2. Equipment Setup

NOTE: To avoid possible cross-contamination, use fresh and clean vessels for each step.

1.
2.
3

4.

Clean glassware and tweezers in detergent solution for 30 min in an ultrasonic bath at 60 °C.

Rinse and sonicate equipment from step 2.1 two times thoroughly with ultrapure water.

Heat equipment from step 2.1 in RCA solution (ultrapure water, hydrogen peroxide and ammonia (5:1:1)) to 75 °C in an oven for 45 min and
subsequently rinse them with ultrapure water.

Finally, dry the glassware and tweezers under a stream of dry nitrogen or in an oven (100 °C, 3 hr).

3. Tip Functionalization

NOTE: Use tweezers, vessels, etc. made from stainless steel, PTFE, glass or any other material which is chemically stable in organic solutions if
applicable. Unless specified otherwise, carry out all steps at RT. The amount of incubation solution needed depends on the number of cantilever
chips. Make sure that the cantilevers are immersed in the respective solutions at all time.

NOTE: Use a hood to avoid inhalation of organic vapors.

1.

Formation of OH-groups on cantilever surface (‘activation’) (approximately 0.5 hr):
1. Use tweezers to place fresh cantilever chips (material: SiN, spring constant: 10-100 pN/nm) on a clean glass slide and put them in a
plasma chamber (100 W).
2. Evacuate chamber (~0.1 mbar).
3. Flood chamber with oxygen gas and evacuate again.
4. Activate the plasma process (power: 20%, duration: 15 min, process pressure: 0.25 mbar).

2. Amino-silanization of cantilevers (approximately 1 hr):

1. Prepare the 2.5 ml of APTES solution (see Table 1) in a glass Petri dish — do this ideally during the plasma process.

2. Immediately after the plasma process, dip each cantilever for 1 sec in acetone and place them immediately afterwards in the APTES
solution.

3. Incubate for 15 min at RT.

4. Carefully rinse the cantilever chips twice in 10 ml acetone and once in 10 ml chloroform.

5. Optional final step: Place cantilever chips from previous step on a clean 9Iass slide and bake them for 30 min at 70 °C. Note that there
are also alternative strategies for surface activation, e.g., UV treatment 2,

3. PEGylation (approximately 2 hr):

NOTE: Carry out steps 3.3.1-3.3.4 during amino-silanization. NHS and maleimide groups are subject to hydrolysis in aqueous environments
and PEG itself is subject to oxidation in air. Therefore timing (especially in between the steps) is a critical parameter. Refer to '3 for further
information.

1. Prepare the chloroform solution (see Table 1).

2. To avoid condensation, warm PEG powders up to RT before opening the aliquot and weighing the appropriate amount.

3. For the coupling of polymers or lipids with amino groups, separately solve NHS-PEG-NHS (6 kDa) and methyl-PEG-NHS (5 kDa) in the

chloroform solution by vortexing them until they are completely solved. Refer to Table 1 for concentrations.
1. Alternatively. for the coupling of polymers with thiol groups separately solve Mal-NHS- PEG and methyl-PEG-NHS in the
chloroform solution.

4. Mix the solutions as required to adjust a certain number ratio between the NHS- or the maleimide- and the methyl-terminated PEG
molecules (typically 1:500). Note that the ideal ratio has to be determined iteratively in a series of preparation-experiment cycles.

5. Incubate cantilever chips in the PEG solution for 1 hr within a chloroform saturated atmosphere to prevent evaporation of the
chloroform.

Probe molecule conjugation (> 1 hr):
NOTE: In the following 3.4.1-3.4.3, three examples for the covalent coupling of different probe molecules to the AFM tip are described. For
each molecule the protocol has to be adjusted. Further note, that in example 1 and 3 NHS-chemistry is used whereas in example 2 the thiol
functionalized polymer PI-g-PS is coupled to the PEG via maleimide-chemistry. For details see “,
1. For poly(amino acid) poly-D-tyrosine (40-100 kDa)
1. Dissolve the polytyrosine conjugated probe molecule in 1 M NaOH. Adjust the concentration to 1 mg/ml.
2. Exchange the NaOH for sodium borate buffer (pH 8.1) using spin desalting columns (7 kDa MWCO) immediately before the
functionalization
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3. Rinse the cantilevers first with 5 ml of chloroform, then with 5 ml of ethanol and finally with 5 ml of borate buffer.
4. Incubate the cantilever chips for 1 hr in the polytyrosine borate buffer solution and then rinse with borate buffer and ultrapure

water. Store in ultrapure water until the measurement.

2. For polymers with a linear backbone (polyisoprene, 119 kDa) having grafted side chains (polystyrene, 88 kDa) 14
1. Dissolve the Pl-g-PS in dry chloroform. Adjust the concentration of the conjugation solution to 4 mg/ml.
2. Rinse the cantilevers with 5 ml of chloroform and incubate for at least 1 hr in the conjugation solution.
3. Rinse again in 5 ml of chloroform and store in chloroform in a chloroform-saturated environment (to prevent chloroform

evaporation) until the measurement.

3. For the lipid POPE
1. Dissolve POPE in dry chloroform. Adjust the concentration to 20 mM.
2. Rinse the cantilevers with 5 ml of ethanol and 5 ml of ultrapure water before incubation of the cantilevers for 1 hr in the lipid
solution.
3. After incubation, rinse cantilevers with 5 ml of chloroform, 5 ml of ethanol and 5 ml of warm, ultrapure water (in this order) to
remove unbound probe molecules and to get rid of chloroform residues. Use functionalized tips immediately. Alternatively, store

them in chloroform until needed.
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attach a probe molecule to the tip via an amino group. Please click here to view a larger version of this figure.

4. Surface Preparation

1. Self-assembled monolayer (SAM)

NOTE: As surface for the first example, a self-assembled monolayer was chosen. Refer to literature ' for details.
1. Clean glass slides with detergent solution and then twice in ultrapure water in an ultrasonic bath for 30 min each. Then, as an
additional cleaning step, place them in the RCA solution (see step 2.3) at 75 °C for 15 min.
2. Coat the slides with 10 nm chromium nickel and 100 nm gold in a vacuum coater. Then store in the fridge and clean again in the RCA

solution directly prior to the next step.

3. Incubate the slides of the previous step in 2 mM 1-dodecanthiol/ethanol solution for 12 hr. The thiol groups bind to the gold surface and
a hydrophobic monolayer self assembles. Rinse the slides with ethanol and ultrapure water and then dry by a stream of nitrogen gas.
Confirm the hydrophobicity of the prepared surface with static contact angle measurements in a goniometer with a CCD camera'.

2. Hydrogen terminated diamond
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NOTE: As a surface for the second example, a hydrogen terminated diamond was chosen. The surface preparation was performed as
described previously16.

Supported lipid bilayer

NOTE: In the last example, a surface supported lipid bilayer (SLB) was used as a surface. To obtain such a surface, a solution (0.1 mg/ml) of
large unilamellar vesicles (LUVs) consisting of the phospholipid POPC were formed by the extrusion method. Then 50 pl of the LUV solution
were ?ut on a freshly cleaved mica sheet (A = 1 cm?) and incubated for 30 min. Finally the solution was rinsed with 20 ml of ultrapure water.
See '""8 for a detailed description of the preparation of SLBs.

5. Data Acquisition

NOTE: For the experiments, use an AFM, which provides the capability to measure in liquids. The data acquisition and data analysis procedures
are applicable regardless of the AFM model used. Furthermore, in some experiments it is advantageous to have the possibility to control the
temperature within the liquid cell. Cantilever deflection was detected via the laser beam deflection method 9, Spring constants were determined
with the thermal noise method .

1.

o

Insert the functionalized cantilever into an AFM cantilever holder which is suitable for measuring in fluids.

Put the surface (preparation see above) to be sampled into the AFM and cover it with liquid. Both, cantilever and surface should now be

immersed in the liquid with the cantilever tip pointing towards the surface. Note that in many cases a drop of liquid is enough. In any case

evaporation of the fluid should be avoided, e.g., by using a closed fluid cell.

If applicable, adjust desired temperature on the controller.

Let the system equilibrate for at least half an hour.

Record a thermal noise spectrum of the cantilever with the cantilever far away from the surface in order to exclude any surface damping

effects. Note that usually 10 or more spectra have to be accumulated to obtain a sufficient signal-to-noise ratio.

Approach the surface. Note that in order to conserve tip geometry and tip functionalization the approach process has to be carried out

carefully. This can be accomplished by, for example, approaching in intermittent contact mode.

Determine the inverse optical lever sensitivity (InvOLS) measured in nm/volt. Do this by pushing the cantilever tip against a hard surface.

1. Determine the InvOLS by measuring the slope of the piezo travel distance vs. the change in photodiode voltage. Fit a line to the part of

the force-distance curve where the cantilever tip is in contact with the surface. In experiments involving a soft surface like lipid bilayers,
carry out this step on areas which are not covered with a lipid bilayer (‘defect spots’).

Determine the spring constant (pN/nm) by fitting a harmonic oscillator to the thermal noise spectrum. Use automated software function for
spring constant determination; otherwise consult literature 0
Start the experiment.

1. Record numerous force-distance curves at each experimental condition. Typically, use the following values for the experimental
parameters: Sampling rate of 5 kHz, tip speed of 1 pym/sec, retract distance of 1 ym.
NOTE: Sometimes, depending on the dynamics of the studied experiment, it might be necessary to wait a certain amount of time with
the tip in contact with the surface (‘dwell time’).
NOTE: The experiment specific parameters can deviate substantially from the values given above.
During long term measurements, zero the laser position on the photodiode from time to time by repositioning the photodiode.
Optional: After every force curve, relocate the AFM-tip to another x-y position.
At the end of the experiment, determine the sensitivity and the spring constant again to check for consistency and stability of the
system.
NOTE: Comparing the spring constant and sensitivity before and after the experiment is also a means to ensure that the properties
of the system and the properties of the tip remained unchanged over the course of the experiment. If the difference of the spring
constants is not too large (<=15%), they can be averaged, since the intrinsic uncertainty of spring constant determination is also
around 15%. For larger differences, it is advisable to first find and eliminate the cause for the changing apparent spring constant before
continuing with further experiments.

bl

6. Data Preparation

NOTE: In this section general data preparation steps which are typically carried out independent of the specific type of experiment to convert
units to newton and nanometer as well as to correct the data are described. The experiment specific data analyses are briefly described further
below in the respective representative example section.

1.

2.
3.

Typically, carry out all data preparation and analysis steps automatically by a home-written algorithm, e.g., based on the software IGOR Pro

Convert the raw deflection signal (Defl) [V] into force by multiplying it with the InvOLS [nm/V] and the spring constant [nN/nm].
Offset the force in such a way that the force on the cantilever in sufficient distance from the surface (unloaded cantilever) becomes 0 nN.
Calculate the actual tip position (also called separation when measured relative to the surface) z*, which takes the bending of the cantilever
into account:

F
z'=z—— [1]
Offset z*in such a way that z* = 0 corresponds to the z position of the surface.
NOTE: Here, F is the force which acts on the tip and hence bends the cantilever (determined in step 6.2.), z is the measured z-sensor
position (directly given by the instrument) and k represents the spring constant (determined in step 5.8).
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Figure 2. Process flow diagram showing the sample preparation, the data acquisition and the data analysis. Please click here to view a
larger version of this figure.
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Representative Results

In the following, the results for the above described example molecules, namely the polymers poly(amino acid) polytyrosine, the graft polymer
PI-g-PS and the phospholipid POPE, are presented. First for each example, experiment specific details for the data acquisition and data
preparation are provided. Then, the exemplary results for experiments where these molecules were desorbed from different surfaces (CHs-

SAMs, hydrogen terminated diamond and lipid bilayers) are shown. Determination of the adhesion force, the adhesion length and the free energy
are introduced.

Example 1: Desorption of polytyrosine from self-assembled monolayer

The desorption of polytyrosine from a hydrophobic SAM in different solutions with a varying content of ethanol was measured. In each solution
the cantilever InvOLS and spring constants were determined as described above and at least 300 force distance traces were recorded for each
solution. All experiments of one experimental set were done with a single cantilever on a single day to ensure that one and the same single
poly(amino acid) was measured. The extension/retraction velocity of the cantilever was 0.5 pm/sec and the dwell time on the surface was 1
sec. The force distance traces showed plateaus of constant force. Each plateau was fitted with a sigmoidal curve and the plateau force as well
as the plateau length were determined and plotted in a histogram. The histograms were fitted with a Gaussian and the peak value as well as
the standard variation (error) of the distribution was extracted. Until the very end of the force plateau, the system is in equilibrium and the area
underneath the plateau therefore equals the free energy per polymer length. Only the detachment process itself at the end of the plateau is

in non-equilibrium. Because of this, for typical experiments the plateau length is longer than the equilibrium length (about 30%) and the area
underneath the sigmoidal fits an upper estimate for the adhesion free energy 2
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Figure 3. (A) Force distance trace (retraction) of polytyrosine on a methyl-SAM in pure water (shown in red). Only a single molecule desorbs as
can be seen in the single step drop of the force to the baseline (zero force). The sigmoidal fit is shown in black and the extracted plateau length
and plateau force are indicated by arrows. (B) Histograms of the extracted plateau force for measurements in pure water and in water/ethanol
mixtures with different molar ethanol content. (C) Plateau length histograms of the same experimental set. (D) Peak plateau length vs. peak
plateau force.” Please click here to view a larger version of this figure.

Figure 3A shows a single force-distance trace of polytyrosine measured in pure water. Plateau force and plateau length are extracted. If there is
only one molecule on the tip that is desorbed from the SAM, the plateau length histogram shows a narrow and monomodal distribution (typically
in experiments the standard deviation in a gauss fit of the length histogram is around 5-20 nm). Vice versa, if there’s only one narrow peak in
the plateau length histogram, one can be relatively sure that the whole experimental set was done with one and the same polymer. The reason
for this is that the polytyrosines are highly polydispersive in size (50 to 100 kDa). Therefore, two polymers of exactly the same length are highly
improbable. Adding ethanol weakens the hydrophobic interaction between polytyrosine and the surface 1022 and leads to a lower adsorption
free energy and thus to a lower plateau force as can be seen in the plateau force histograms for the different solvent conditions shown in Figure
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3B. Now it can be investigated how the plateau length of a single polytyrosine changes for different adsorption free energies. As can be seen in
Figure 3C the plateau length decreases with the addition of ethanol. At the same time the plateau force decreases (Figure 3D).

In order to obtain all relevant parameters of the desorption process namely the contour length, the Kuhn length, the adsorption free energy and
the igtrinsic monomeric desorption rate, one has to combine the above described measurements with constant distance experiments. For details
see

Example 2: Desorption of the graft polymer PIl-g-PS from a hydrophobic diamond

In Figure 4A and 4B typical force-distance curves obtained with PI-g-PS on hydrogenated diamond in water at RT are shown. The dwell time
on the surface was 1 sec and the velocity of the cantilever was 1 um/sec. Either plateaus of constant force (Figure 4A) or rupture events were
observed (Figure 4B). For the plateaus of constant force, the height of the plateaus was determined with a sigmoidal fit and the values were
plotted in a histogram (Figure 4C). To exclude the unspecific adhesion peak caused by direct interaction of the tip with the surface (first peak
in the force-distance curve in Figure 4B), the maximal force in some distance from the surface was determined. The obtained values for these
rupture events were then plotted in a histogram (Figure 4D). For further analysis the histograms were fitted with a Gaussian and the maximal
height was chosen as an average value for the data point. With this kind of experiment the influence of the presence of side chains and their
architecture was investigated B
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Figure 4. Force-distance retraction curves performed with a linear polyisoprene backbone grafted with polystyrene side chains (Pl-g-
PS). Either plateaus of constant force (A) or rupture events (B) are observed. For plateaus of constant force, the height of the plateaus is
determined with a sigmoidal fit and plotted in a histogram (C) whereas for rupture events, the maximal rupture force is determined (D). Please
click here to view a larger version of this figure.

Example 3: Extraction of a single phospholipid (POPE) from a lipid bilayer

Figure 5A shows a schematic representation of the single molecule extraction process. Extraction measurements were performed by vertically
approaching the POPE-functionalized AFM tip towards the supported lipid bilayer (not shown). Upon contact of the tip with the POPC bilayer, a
small force (~100 pN) is kept constant by a feedback loop for about 4 sec. If the POPE molecule inserts into the bilayer during this dwell time, it
is pulled out or ‘extracted’ from the bilayer upon retracting the AFM tip from the bilayer. This results in characteristic force-distance curves. Their
shape is basically determined by the stretching elasticity of the PEG linker and can be fitted by a wormlike chain (WLC) model B A superposition
of more than 50 curves is shown in Figure 5B. True single molecule events can be recognized by single peaked force histograms (Figure 5C).
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Note that in order to gain further insight into the size of certain molecular parameter (e.g., the mean life time of lipids in bilaglers), it is necessary
to carry out measurements with different force loading rates. For further analysis of single lipid extraction experiments see 4,
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Figure 5. (A) Schematic for the extraction of a single molecule from a lipid bilayer. Note that the lipid molecule is covalently coupled to the tip.
Therefore, many hundred or even thousands of force-extraction cycles can be carried out with one and the same molecule. (B) Superposition of
more than 50 extraction curves °. (C) Histogram of the extraction force distribution of the example shown in (B). Please click here to view a larger
version of this figure.

Step Purpose Solute Solvent Typical ratio or
concentration
Silanization Create amino groups on APTES (3-Aminopropyl) dry acetone 1:50 (v/v) —1:100 (v/v)
cantilever surface tri-ethoxysilane (e.g.,
Vectabond ™)
PEGylation Provide cantilever surface | NHS-PEG-NHS or Mal- dry chloroform 0.25-25 mM
with amino or thiol reactive |PEG-NHS
groups
PEGylation Passivate cantilever surface | methyl-PEG-NHS dry chloroform 25 mM
Conjugation of probe Couple probe molecule via |probe molecule (polymer, dry chloroform or borate 0.1-10 mM
molecule an amino or thiol group to | lipid, etc.) buffer
bi-functional PEG

Table 1. Solutions needed for the tip functionalization.

During the last decades, single molecule experiments have provided unprecedented insights into molecular mechanisms and turned out to be an
invaluable approach in life science and beyond. To achieve good and meaningful statistics from SMFS experiments, ideally one and the same
molecule is used over the whole course of the experiment. In contrast to experiments with ensembles of molecules, SMFS experiments are able
to detect rare events and hidden molecular states. Another advantage of single molecule experiments is that they can be modeled by means of
molecular dynamics simulations ™ 5,

The cantilever functionalization protocol described above is a modified version of procedures published previously 2-28 After activation and

silanization, the AFM cantilever is functionalized with a mixture of two different types of polyethylene-glycol (PEG) molecules (linker molecules).

The first linker-PEG is terminated by an inert methyl group (“methyl-PEG”) and the second by an amino-reactive N-hydroxysuccinimide( NHS)
group (or a thiol reactive maleimide group), where later on the probe molecule is conjugated (“NHS-PEG”, “Mal-PEG”). See Figure 1 for a
schematic of the tip functionalization. The purpose of the PEG is threefold: First, it passivates the tip surface and therefore prevents unspecific
adsorption. Second, using a certain methyl-PEG/NHS-PEG ratio allows for adjusting the NHS-PEG concentration on the tip surface. And third, it
separates the tip from the probe molecule and therefore allows for quantification of the molecule-surface interaction without interference from the
direct tip-surface interaction. Then the probe molecule is covalently coupled to the tip via the NHS-PEG (or Mal-PEG).
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This protocol makes sure that all bonds (*) in the “coupling chain” tip*OH*silane*PEG*probe molecule are covalent bonds and therefore very
strong. This in turn, allows that one and the same probe molecule is measured over the entire duration of the experiment. This has been
exemplified above in the representative results section showing true single molecule force spectroscopy.

How can be verified that truly a single molecule is measured? For single traces with plateaus of constant force, a single drop to the baseline is
sufficient. If more than one polymer is desorbed at the same time, the force drops to zero in several discrete steps, as each polymer detaches

at a different point. More difficult is to decide if it is each time the same single molecule. Therefore the distribution of detachment lengths has

to be evaluated. A narrow distribution with a single peak is a good indication that one and the same single molecule was probed in every force-
extension trace. For single traces with rupture events, the superposition of all traces is the best method to decide if (one and the same) single
molecule was measured. Alternatively, each trace can be fitted with a (WLC) model and then both the persistence length and the rupture lengths
at a defined force can be plotted. The distribution of these two parameters has to be narrow and single peaked.

In conclusion, a preparation procedure for the attachment of a large variety of single molecules to AFM tips has been presented. The AFM’s
small tip (radius ~ 10 nm), its lateral positioning capabilities and its force sensitivity make it the ideal tool to study the adhesion properties of
single molecules on biological and non-biological surfaces in almost any liquid.
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