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The transmembrane receptor–ligand interactions play a vital role in the physiological and pathological processes of 

living cells, such as immune cell activation, neural synapse formation, or viral invasion into host cells. Mounting 

evidence suggests that these processes involve mechanosensing and mechanotransduction, which are directly 

mediated by the force-dependent transmembrane receptor–ligand interactions. Some single-molecule force 

spectroscopy techniques have been applied to investigate force-dependent kinetics of receptor–ligand interactions. 

Among these, the biomembrane force probe (BFP), a unique and powerful technique, can quantitatively and 

accurately determine the force-dependent parameters of transmembrane receptor–ligand interactions at the single-

molecule level on living cells. The stiffness, spatial resolution, force, and bond lifetime range of BFP are 0.1–3 

pN/nm, 2–3 nm, 1–103 pN, and 5 × 10-4–200 s, respectively. Therefore, this technique is very suitable for studying 

transient and weak interactions between transmembrane receptors and their ligands. Here, we share in detail the in 

situ characterization of the single-molecule force-dependent bond lifetime of transmembrane receptor–ligand 

interactions, based on a force-clamp assay with BFP. 
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Background 
 

Traditional biochemical methods, such as co-immunoprecipitation, surface plasmon resonance, bio-layer 

interferometry, or isothermal titration calorimetry, are widely employed to determine the kinetics of receptor–ligand 

interactions (Cole et al., 2007; Hui et al., 2017; Marasco et al., 2020; Maruhashi et al., 2022). These binding 

kinetics—on-rate kon, off-rate koff, and equilibrium dissociation constant KD—are detected at a static equilibrium 

state in solution. Remarkably, however, transmembrane receptors are restricted to the plasma membrane of the cells. 

Their anchor pattern, orientation, and diffusion rate on the plasma membrane can directly tune the accessibility and 

association possibility to affect in situ kinetics of receptor–ligand interactions (Dustin et al., 2001; Huang et al., 

2004; Hu et al., 2019; Zhang et al., 2021). Therefore, the determination of in situ receptor–ligand binding kinetics 

on living cells is urgent for understanding the biological functions induced by transmembrane receptor–ligand 

interactions.  

  Transmembrane receptors and their ligands also experience mechanical forces on the plasma membrane, which 

mainly derive from living cell’s movement, cell–cell contact, and dynamic changes to the plasma membrane or 

cytoplasmic cytoskeleton (Zhu et al., 2019). Many studies have shown that mechanical forces can act on 

transmembrane receptors and ligands to dynamically regulate their binding kinetics by altering their conformations. 

For example, SARS-CoV-2 viral invasion induces host cell membrane bending, which generates the tensile force to 

prolong the bond lifetime of spike/ACE2 interaction, fostering viral entry (Hu et al., 2021). Also, mechanical forces 

directly enhance the interaction of T-cell receptors (TCR) and agonist peptide-loaded major histocompatibility 

complex, which can accurately determine TCR antigen recognition (Liu et al., 2014; Wu et al., 2019). From the 

molecular mechanism, the mechanical force could allosterically regulate the conformation of the transmembrane 

receptors and ligands, generate force-induced intermediate binding states, and govern dissociation pathway selection 

to impede their dissociation (Sarangapani et al., 2004; Hong et al., 2015; Wu et al., 2019; Zhu et al., 2019). Also, a 

sliding-rebinding mechanism is applied to explain force-enhanced transmembrane receptor–ligand binding strength 

(Lou and Zhu, 2007).  

  Single-molecule force spectroscopy techniques—such as atomic force microscopy, optical tweezers, magnetic 

tweezers, or biomembrane force probe (BFP)—have become important for studying the force-dependent kinetics of 

receptor–ligand interactions (Marshall et al., 2003; Kim et al., 2010; Chen and Zhu, 2013; Kong et al., 2013). Among 

these, BFP can quantitatively and accurately determine the force-dependent bond lifetime of transmembrane 

receptor–ligand interactions at the single-molecule level on living cells. The BFP technique uses soft human red 

blood cells (RBC, which have a proper elasticity for pN-level force detection) attached to microbeads as force 

sensors (Figure 1). When the transmembrane receptor expressed on the target cell binds to recombinant ligand–

coated microbeads, the magnitude of the mechanical force is calculated according to the deformation of RBC, and 

the bond lifetime is recorded by a high-speed camera. The stiffness, spatial resolution, force, and bond lifetime range 

of BFP are 0.1–3 pN/nm, 2–3 nm, 1–103 pN, and 5 × 10-4–200 s, respectively (Evans et al., 1995; Chen et al., 2008; 

An et al., 2020). Therefore, BFP has the advantages of ultra-high mechanical detection accuracy of optical tweezers 

and magnetic tweezers, and also the high dynamic response characteristics of atomic force microscopy, being very 

suitable for studying transient and weak interactions between transmembrane receptors and their ligands in situ. 
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Figure 1. Schematic diagram of BFP setup. 

The left micropipette holds the force probe, which contains a soft RBC attached to a ligand-coated bead. The right 

micropipette aspirates a transmembrane receptor-expressing target cell. 

 

 

Materials and Reagents 
 

1. 6-well plate (JetBioFil, catalog number: TCP011006) 

2. 0.45 μm filter (JetBioFil, catalog number: FPV403013) 

3. Micropipette tips [Crystalgen, catalog numbers: 23-5104 (10 μL); 23-3346 (200 μL); 23-3150 (1,000 μL)] 

4. 1.5 mL tubes (Crystalgen, catalog number: 23-2052) 

5. 1.5 mL low surface tension tubes (Simport, catalog number: T330-7LST)  

6. 15 mL tube (Crystalgen, catalog number: 232266) 

7. 50 mL tube (Crystalgen, catalog number: 203102) 

8. 0.5 μm capillary glass tube (West China Medical University Instrument Factory, catalog number: 

10032512166199) 

9. 22 × 40 mm microscope cover glass (Fisherbrand, catalog number: 12-545C) 

10. Micro injector (World Precision Instruments, catalog number: MF28G67-5) 

11. Glass vials (Hamag Technology Co., Ltd., catalog number: HM-4455A) 

12. 10 cm dish (JetBioFil, catalog number: MCD110090) 

13. Twist lancet (HURHONG, catalog number: IR28100200) 

14. 3-mercapto-propyl-trimethoxysilane (MPTMS) (United Chemical Technologies, Inc., catalog number: M8500) 

15. Biotin-PEG 3500-SGA (JenKem, catalog number: 62717) 

16. Streptavidin-maleimide (SA-MAL) (Sigma, catalog number: S9415) 

17. 30% bovine serum albumin (BSA) (Sigma, catalog number: A0336) 

18. Nystatin (Sigma, catalog number: N4014) 

19. Borosilicate glass beads (Duke Scientific, catalog number: 9002) 

20. Streptavidin (Sangon Biotech, catalog number: A1004970-0001) 

21. PBS (Genom, catalog number: GNM20012-2) 

22. Mineral oil (Fisher Scientific, catalog number: BP2629-1) 

23. pMD2.G plasmid (Addgene, catalog number: 12259) 

24. psPAX2 plasmid (Addgene, catalog number: 12260) 

25. Polyethylenimine linear (PEI) (Yeasen, catalog number: 40816ES02) 

26. Trypsin (Yeasen, catalog number: 40127ES60) 

27. RPMI 1640 medium (BasalMedia, catalog number: L220KJ) 

28. DMEM medium (BasalMedia, catalog number: L110KJ) 

29. 293T (From Sun Qiming’s Laboratory) 

30. FBS (Yeasen, catalog number: 40130ES76) 
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31. Lentiviral plasmid (From Sun Qiming’s Laboratory) 

32. Argon (Shanghai Wugang Gas Co., Ltd) 

33. Phosphate buffer (see Recipes) 

34. C buffer (see Recipes) 

35. N2 buffer (see Recipes) 

36. CR buffer (see Recipes) 

37. Cleaning buffer I (see Recipes) 

38. SA-MAL stock solution (see Recipes) 

39. PEI solution (see Recipes) 

40. Nystatin stock solution (see Recipes) 

 

 

Equipment 
 

1. 50 mL beaker 

2. Micropipettes 20, 200, 1000 (Eppendorf)  

3. Centrifuge (Eppendorf, catalog number: 5424R) 

4. 4 °C refrigerator (Melng, catalog number: YC-300L) 

5. Z2 cell counter (Beckman, catalog number: AY52487) 

6. Micropipette holder (Narishige, catalog number: HI-7) 

7. Micro forge (Narishige, catalog number: MF-900) 

8. Rotator (Qilinbeier, catalog number: BE-1100) 

9. Micropipette puller (Sutter Instrument, catalog number: P-1000) 

10. Biomembrane force probe (BFP, built by our laboratory) 

11. Desiccator (Yue Cheng Trading, catalog number: PC-150mm PC-150) 

12. Lancing device (HURHONG, catalog number: 116B015002) 

13. Vacuum pump (JINTENG, catalog number: GM-0.33A) 

14. Cell incubator (Heal Force, catalog number: HF90) 

15. Flow cytometer (Beckman, catalog number: CytoFLEX S) 

16. Cover glass (Fisherbrand, catalog number: 12545C) 

17. Light source microscope (Nikon, catalog number: Eclipse Ti) 

18. Electric-thermostatic water bath (Shang Hai Jing Hong, catalog number: XMTD 8222) 

 

 

Software 
 

1. LabVIEW 14.0 Development System 

2. Prism 8  

3. Microsoft Excel 2019 

4. BFP program (written by our laboratory) 
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Procedure 
 

 
 

Figure 2. Scheme of the functionalization of the beads and RBC 

 

 

A. SH-group modification of borosilicate glass beads 

 

1. Weight and suspend 50 mg glass beads into 500 μL of dH2O in a 1.5 mL tube. 

2. Add the glass beads to 5 mL of boiled cleaning buffer I and boil for 5 min in a 50 mL beaker; mix the 

solution every minute (Figure 2A).  

Warning: Handle this compound with gloves in the chemical hood. 

3. After boiling, cool for 15 min at room temperature (RT), transfer the solution into a 15 mL tube, and then 

centrifuge at 17,000 × g for 5 min. 

4. Remove the supernatant and resuspend glass beads with 15 mL of fresh dH2O in a clean 50 mL beaker, 

then continue to boil for 5 min. 

5. After boiling, transfer the bead suspension to a 15 mL tube and centrifuge at 17,000 × g for 5 min. Repeat 

steps A2–A5 three times. 

6. Resuspend the glass beads with 50 mL of CR buffer and rotate for 3 h at RT (Figure 2A). 

7. After the reaction, centrifuge at 17,000 × g for 5 min to discard the supernatant. Wash glass beads once 

with fresh methanol and discard the supernatant. Resuspend glass beads with 500 μL of methanol. 

8. Divide the glass beads into a set of 20 dry clean glass vials. Evaporate the methanol by a jet of dry argon 

(approximately 0.05 MPa, controlled by a pressure valve) at a 45° angle inside the vial with gently 

horizontal rotation for 5 min. 

9. Place the vials into a preheated drying oven at 120 °C for 5 min. 

10. After heating, take the vials out of the drying oven and quickly place them in a vacuum desiccator filled 

with dry argon until cooled completely for 15 min.  

Note: The desiccator is vacuumed with a vacuum pump and then flushed with dry argon. 

11. The MPTMS glass beads in the vial desiccated in an argon environment may be stored for up to three 

months at RT in a dry and dark storage box. 
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B. Preparation of recombinant ligand–coated beads 

 

1. Take out and resuspend one vial of MPTMS glass beads with phosphate buffer (pH = 6.8) into a 1.5 mL 

tube, centrifuge at 17,000 × g for 5 min, discard the supernatant, and wash two more times with phosphate 

buffer. 

2. Resuspend the MPTMS beads with 200 μL of phosphate buffer and count the concentration of MPTMS 

beads with the Z2 cell counter (e.g., 3 × 108 beads/mL).  

3. Mix 200 μL of MPTMS beads with 20 μL of 4 mg/mL SA-MAL stock solution (Figure 2A). 

4. Incubate the mixture with rotation overnight at RT. Then, wash three times with phosphate buffer 

containing 0.5% BSA, centrifuge at 17,000 × g for 5 min, resuspend into 200 μL of phosphate buffer 

containing 0.5% BSA, and store at 4 °C after counting with Z2 cell counter. 

5. Mix the desired biotinylated recombinant ligand (add a series of titrations in the different tubes, such as 1, 

0.1, 0.01, 0.001, and 0.0001 μg) with 2 × 105 streptavidin (SA) beads in 200 μL of PBS containing 0.5% 

BSA in the 1.5 mL low surface tension tube (Figure 2A).  

Note: For the BFP assay, the adhesion frequency should be <20% by adjusting the surface density of 

desired biotinylated recombinant ligand on the microspheres to ensure approximately 90% single-bond 

event. 

6. Incubate the mixture with rotation for 30 min at RT; then, wash three times with PBS containing 0.5% 

BSA, resuspend into 100 μL of PBS containing 0.5% BSA, and store at 4 °C for the BFP assay. 

 

C. Preparation of biotinylated RBC 

 

1. Take the biotin-PEG 3500-SGA out of the -20 °C fridge and leave it at RT for 30 min. Then, take out one 

vial (approximately 10 mL) of C buffer and one vial (approximately 15 mL) of N2 buffer from the 4 °C 

fridge. Preheat (37 °C) the electric-thermostatic water bath for subsequent experiments.  

2. Prepare a 1.5 mL tube containing 1 mL of C buffer. Add a big drop of blood (approximately 100 μL) to the 

vial from a volunteer using a finger prick, lancing device, and twist lancet (Figure 2B). 

3. Wash and centrifuge blood two times with 1 mL of C buffer for 2.5 min at 2,500 × g, and resuspend with 

500 μL of C buffer. 

4. Calculate the concentration of RBC with the Z2 cell counter and prepare 3 mg/mL of biotin-PEG 3500-

SGA by dissolving 3 mg biotin-PEG 3500-SGA into 1 mL of C buffer (Figure 2B). 

5. Mix 500 μL of 7.5 × 107/mL RBC suspension with 117 μL of 3 mg/mL biotin-PEG 3500-SGA in a 1.5 mL 

tube, add 383 μL of C buffer to get a 1 mL incubate volume, then incubate with rotation for 30 min in a 50 

mL tube at RT. 

6. After the incubation, centrifuge RBC suspension for 2.5 min at 2,500 × g, wash and centrifuge two more 

times with 1 mL of N2 buffer for 2.5 min at 2,500 × g, and resuspend RBC with 200 μL of N2 buffer. 

7. Add 5 μL of nystatin stock solution to 500 μL of N2 buffer, add 20 μL of RBC suspension from step C6, 

mix thoroughly, and incubate with rotation for 1 h at 4 °C in a 1.5 mL tube (Figure 2B).  

8. Centrifuge the RBC suspension for 2.5 min at 2,500 × g, wash two times with 1 mL of N2 buffer containing 

0.5% BSA (37 °C preheat), and resuspend RBC with 200 μL of N2 buffer containing 0.5% BSA.  

9. Add 5 μL of RBC solution into approximately 500 μL of receptor–ligand interaction buffer (such as RPMI-

1640) and observe RBC shape (Figure 3).  

Note: An oval shape of RBC is appropriate, which could be adjusted by the concentration of nystatin in 

step C7. 
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Figure 3. Example of non-ideal and ideal RBC shapes. Scale bar = 2 μm. 

 

D. Establishment of transmembrane receptor–expressing cell line 

 

1. Culture 293T cells in a 10 cm dish to 80%–90% confluence, wash the cells with 2 mL of PBS, add 1 mL 

of trypsin to trypsinize the cells for 1 min, stop trypsinization with 5 mL of DMEM with 10% FBS, and 

collect the cells by centrifuging at 300 × g for 3 min. 

2. Remove the supernatant, resuspend with 2 mL of PBS, and wash once. Resuspend with 5 mL of DMEM 

medium and count to adjust the concentration of 293T cells to 2.5 × 106/mL. 

3. Add 2 mL of DMEM medium to each well of a 6-well plate, transfer 0.2 mL of 293T cells from step D2 

to the plate, and shake well. 

4. Place the plate in a cell incubator and incubate at 37 °C with 5% CO2 overnight. After the cells are 

completely adherent, prepare them for transfection. 

5. Add 1 μg of lentiviral plasmid, 1 μg of psPAX2 plasmid, and 1 μg of pMD2.G plasmid to 250 μL of DMEM 

medium without FBS in a 1.5 mL tube. Incubate for 5 min. 

6. At the same time, add 6 μL of PEI (1 mg/mL) to another 1.5 mL tube of 250 μL of DMEM medium without 

FBS and incubate for 5 min. 

7. Slowly add the PEI solution to the mixed plasmid solution and incubate for 15 min. 

8. Add the mixed solution from step D7 to the 6-well plate with 293T cells and incubate at 37 °C with 5% 

CO2. After 48 h, collect the lentivirus in the medium, filter with a 0.45 μm filter, and store it in a -20 °C 

refrigerator. 

9. Prepare target cells (such as 293T or U937; the cell type can be determined according to each experiment) 

to be infected and add 2 mL of cells (2.5 × 106/mL) to a 6-well plate. 

10. Wait for cells to be completely adherent for approximately 24 h and add 500 μL of prepared lentivirus (for 

suspension cells, directly add 500 μL of prepared lentivirus).  

11. Incubate at 37 °C with 5% CO2 for 48 h and detect the expression level of the transmembrane receptor by 

flow cytometer. 

12. Sort the receptor-expressing cells to obtain a cell line and prepare for BFP experiment. 
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E. Operation of BFP assay 

 

1. Put a 0.5 mm glass capillary on the glass cutter, select program, and click “start” button. The glass capillary 

can be heated into two capillaries with sharp tips. Through the selection of the program, obtain the 

appropriate capillary tips: 6–8 mm taper and 0.1–0.5 μm tip. 

2. Use the micropipette forge to melt the capillary tip and insert the tip in the glass sphere, which has been 

heated. Cool down the glass sphere. The capillary can break from the surface of the glass sphere. Repeat 

this procedure until the capillary tip orifice is appropriate (RBC is 2.0–2.2 μm and beads are approximately 

1.5 μm; the capillary tip orifice depends on the size of cell diameter). 

3. Use a glass cutter to cut the cover glass into the required width (usually one-third of the glass width) and 

glue the cut glass to the top and bottom sides of the chamber holder, to form a parallel-coverslip cell 

chamber (Figure 4A). 

4. Use a 200 μL pipette to inject buffer (such as DMEM or PBS; can be changed according to experiments) 

in the cell chamber.  

5. Inject 5 μL of prepared target cells (approximately 104 cells), 5 μL of prepared beads, and 5 μL of prepared 

RBC into the cell chamber. Inject the mineral oil into the two sides of the cell chamber to prevent the 

volatilization of the buffer during the long-time experiment from affecting the experimental results (Figure 

4B). 

 

 
 

Figure 4. Cell chamber for BFP experiments. 

(A) The cover glass is cut and glued to the top and bottom of the chamber holder. (B) Inject the buffer to fill 

the chamber, then sequentially inject the target cell, bead, and RBC; finally, seal the two sides of the cell 

chamber with mineral oil. 

 

6. Turn on the light source microscope and place the cell chamber on the microscope stage. 

7. Backfill the treated capillaries with dH2O with a micro injector and put the capillaries into the pipette 

holder. This process should be done quickly, ensuring that no air bubble gets into the pipette holder during 

the injection. 

8. Put the pipette holder on the micro-manipulator (Figure 5B). Push the micropipette towards the cell 

chamber, take the capillary tips into the chamber, and adjust the micropipette position to find the capillary 

tips under the microscope field of view. 

9. Control the water tower height of the RBC micropipette to change the pressure inside the micropipette, 

adjust the zero point of micropipette (no suction or blowing force to the RBC), and correct it. 

10. Move the chamber holder stage and adjust the position of the micropipette to find the target cell, bead, and 

RBC. Aspirate them by changing the pressure inside the micropipette, and switch the microscope field to 

the program’s vision field (Figure 5C and Video 1). 

11. Adjust the height of RBC and bead to ensure that they are on a uniform plane, then move the bead slowly 

to adhere to the RBC. Adjust the pressure and position to move the bead micropipette away (Figure 5D 

and Video 1). 
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12. Align the target cell on the same plane as RBC and bead (Figure 5E and Video 1). 

 

 
 

Figure 5. Experimental setup for the BFP. 

(A) Setup of BFP system. (B) Move three micropipettes into the chamber. (C) Aspirate RBC, bead, and target 

cell. (D) Build up the force probe by attaching the bead to the RBC. (E) Adjust the position of target cell to 

align with force probe. 

 

13. Select the BFP program to measure the respective diameter of micropipette, RBC, and bead, and the 

contact area between the RBC and bead (Figure 6A and Video 2).  

14. Draw a horizontal line in the contact area between the RBC and bead, which will yield a curve in the 

adjacent window to adjust the signal during the experiment. If the curve is not sharp—meaning that the 

RBC and bead are not aligned (Figure 7)—start again. 

15. Select the force clamp assay experiment mode, set the parameters (such as Clamp force and Contact time, 

Figure 6B) as desired, and click “start.” Then, the program will cyclically drive the movement of the target 

cell by pipetting to contact with the bead for 0.1 s and retract. Meanwhile, the position of the bead is 

recorded in real time (Video 2). After 500–1000 events, click “stop” to stop the BFP experiment and save 

recorded data.  

Note: Approximately 100 bond lifetime curves are generated. 
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Figure 6. Measurement and parameter settings for BFP experiments. 

(A) Measure the parameters of force probe to calibrate the force in system in the following order: 1: 

micropipette; 2: RBC; 3: contact area of the RBC and bead; 4: bead. (B) Program interface in the BFP system. 

 

 
 

Figure 7. Bead tracking in the BFP system. 

Draw a horizontal line (red) to track the border of bead and obtain a tracking curve (right). The sharp curve 

ensures a stable signal during BFP cycle. 

 

 

Data analysis 
 

1. Open BFP data analysis program and select the bond lifetime mode to open the data (Figure 8).  

2. Inspect each cycle of force and bond lifetime, record which cycles contain an adhesion event and which do not 

(Figure 9A and 9B), and calculate the adhesion frequency. 

3. During each cycle of the above inspection, record the bond lifetime parameters (bond lifetime and average 

force). 

4. Collect all lifetime events under a range of force. Using the BFP data autobin program, group all events to make 

a “lifetime-force” curve (Figure 9). 
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Figure 8. Graphical user interface of the BFP data analysis program 

 

 
 

Figure 9. Example of BFP data (from Hu et al., 2021). 

(A) Raw data curve of adhesion (recorded and collected the bond lifetime). (B) No adhesion event. (C) Lifetime 

force curve obtained from above data collection. 

 

 

Notes 
 

1. When the micropipette aspirates RBC, the RBC tail in the micropipette cannot exceed the radius of the 

micropipette to ensure the accuracy of the detection force during the experiment. 

2. Data with an adhesion frequency exceeding 20% cannot be collected into the final data. 

3. When the bead tracking is unstable, the experiment should be stopped immediately and a new group should be 

started. 

4. The continuous collision events of the same target cell and bead should not exceed 1,000 times. The bond 

lifetimes are usually from >20 target cells–bead pairs in a single lifetime force curve. 

5. Ensure that the target cells are healthy to avoid non-specific adhesion, which will affect the experimental results. 
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Recipes 
 

1. Phosphate buffer (pH = 6.8) 

200 mM NaH2PO4·H2O 

Adjust to pH = 6.8 with 200 mM Na2HPO4 

 

2. C buffer (pH = 8.5) 

100 mM NaHCO3  

Adjust to pH = 8.5 with 100 mM Na2CO3 

 

3. N2 buffer (pH = 7.2) 

280 mM KCl 

40 mM NaCl 

1 μM KH2PO4 

8 mM Na2HPO4 

28 mM sucrose 

Adjust to pH = 7.2 with HCl 

 

4. CR buffer 

46.6 mL methanol 

0.4 mL acetic acid (glacial 17.5 M) 

1.85 mL dH2O 

1.15 mL MPTMS 

 

5. Cleaning buffer I (pH = 10.9) 

10% H2O2 

Adjust to pH = 10.9 with NH3·H2O 

 

6. 4 mg/mL SA-MAL stock solution 

Dissolve 2 mg of SA-MAL in 500 μL of phosphate buffer (pH = 6.8). Add 10 μL per tube and store at -80 °C. 

Avoid repeated freezing and thawing. 

 

7. 1 mg/mL PEI solution 

Dissolve 1 mg of PEI directly in 1 mL of dH2O. Adjust to pH = 7.4 with NaOH. 

 

8. Nystatin stock solution 

Dissolve in DMSO to a concentration of 5 mg/mL. 
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