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Short Abstract: 
Optical tweezers are a valuable tool for applying and measuring forces on biological systems. For small displacements, The force characteristic of optical tweezers can be modeled as a linear spring for small displacements from the center of the trap. Accurate quantitative force measurements require sensitive particle position detection and precise calibration. .  Quantitative measurements require an accurate estimate of the spring constant. Three methods for obtaining the trap’s stiffness  spring constant  are demonstrated.


Long Abstract:
Optical Optical tweezers can exert measurable forces on micron scale dielectric particles. This capability offers a unique and valuable are a valuable tool for manipulating and measuring cell components at the single molecule level. For example, optical traps have been used extensively to investigate the mechanical properties of biological polymers and the force generation mechanisms of molecular motors. In many studies, optical tweezers apply force to functionalized microspheres, which act as convenient handles attached to molecules of interest. 

Accurate force and position measurements depend upon careful calibration of the position detector responsivity GQPD and the trap stiffness α, sometimes called the trap spring constant. To make quantitative force measurements, instruments record the displacement of a microsphere from the center of the trap over time. measuring and applying forces in biological systems. For small displacements, the exerted force is very nearly proportional to displacement, so the trap optical tweezers can be modeled as a linear spring. The stiffness is a function of trapping laser power, bead size, and bead material. Three methods for obtaining the spring constant are demonstrated.

Particle position in the X-Y plane is detected by a quadrant photodiode (QPD). The output of the QPD is an arbitrarily scaled voltage, which must be calibrated. This is accomplished by translating a fixed particle in the vicinity of the trap using a piezo stage.

The force exerted by optical tweezers tends to restore particles to the center of the trap. Collisions with solvent molecules continually perturb trapped particles. Analysis of the thermal motion of a trapped particle allows the stiffness to be estimated using two different methods. The first method exploits the equipartition theorem to equate the average potential energy of a trapped particle to the thermal energy of solvent molecules. In the second method, trap stiffness is calculated by transforming position data into a Power Spectral Density (PSD). The PSD has a characteristic low-pass shape. Trap stiffness is related to the cutoff frequency.

A third method for stiffness calibration involves translating the sample stage with piezo actuators to apply a known hydrodynamic drag force to a trapped particle. Trap stiffness is calculated by balancing the force applied by the trap against the hydrodynamic drag. 

The three methods provide a convenient way to verify the calibration, as they are all based on different phenomena. An error in the position detector calibration may be revealed by the PSD calibration, which does not on the QPD calibration as the other two methods do.


The position detector’s response may be checked via the PSD method, as it is not dependent on the movement of the stage for calibration. 




 Quantitative measurements require an accurate estimate of the spring constant. Three methods for obtaining the spring constant are demonstrated.
Two methods use the thermal motion of a trapped particle. The third method exploits Stokes’ theorem.
Protocol Text: 


1. Set up the piezo stage for computer control.
You will need a two-channel instrumentation amplifier, two piezo controllers, two strain gage readers, a DAQ card with two analog outputs, two BNC cables, and four SMA to BNC cables. You can use a commercial amplifier such as the Tektronix AM502 or build your own. The design files for the circuit board shown here are available on BatchPCB.com. If you are using a commercial amplifier, set the gain to 1 with no filtering and DC coupling on both the inverting and non-inverting inputs.
Connect DAQ output A0 to the inverting input of the instrumentation amplifier. 
Now connect The the output monitor of the X-axis strain gage reader to the goes to the non-inverting input of the amplifier. 
Connect the output of the amplifier to the external input of the X-axis strain gage reader. 
SimilarlyIn a similar manner, connect DAQ output A1, the Y-axis strain gage reader, and Y-axis controller to the second amplifier. Include an oscilloscope in the loop to monitor the signals, if you like.
Set the DAQ output channels to zero volts and power on the amplifier and piezo drivers. Initiate the piezo calibration procedure and wait for it to complete. Set the piezo drivers to the middle of their range. Put the X- and Y- piezos are in feedback mode. Here, these steps are combined into a single Matlab script.
2. Make a sample with a combination of stuck and freely diffusing microspheres.

You will need: glass microscope slides; coverslides; double sided tape; microspheres; measurement medium (deionized water in this case); 1M NaCl; an adjustable pipettor; a sample cell; and valap or vacuum grease. Make the calibration sample as optically similar as possible to the sample you plan to measure. 
Make flow cell by creating a channel with double sided tape on a glass slide. Align the tape such that the channel that is created is perpendicular to the long axis of the slide. Place a coverslip on top to the tape with the long axis of the coverslip perpendicular to the long axis of the slide and gently apply pressure to the areas were tape and glass meet.

Make about 1 mL one cc each of two microsphere suspensions: a 1:1000 dilution in 1M NaCl, and a 1:50,000 dilution in the measurement medium. Here we are using 1 micron, silica microspheres at a concentration of 10% by weight. Adjust the dilutions, if you are using a different stock. 
Fill the sample flow cell with about 15 microliters of the salt/microsphere solution and incubate in a humidor with the cover slip down for 10 minutes to 1 hour at room temperature. The high salt concentration will help the microspheres stick to the coverslip.
Remove the saltwater and remaining free beads by flushing the channel with about 300 microliters of measurement medium. Use a pipettor to build up mediumwater  on one end of the channel and draw it through slowly with a vacuum or a wedge of filter paper. Be careful to not allow bubbles to enter the channel. Don’t flow the rinse through too quickly or allow any bubbles go through the channel.
FNow flow about 15 microliters of the second microsphere suspension into the channel. The small number of freely diffusing microspheres should stay suspended for some time. Seal the ends of the channel with vacuum grease or valap. 
Apply a drop of microscope oil to the objective and mount the slide on the  stage.trap.
Assess the quality of the sample. There should be a small number of stuck beads in most fields of view. It should take at least a minute to find a free bead. Too many free microspheres will make it difficult to trap only one sphere for the duration of a measurement. If you only find stuck beads only near edges, it is likely that you drew the rinse water buffer through too quickly or allowed a bubble to pass through the channel.
3. Align the instrument.
You will need laser safety goggles, two mounted fluorescent infrared alignment disks, and an IR card or viewer. The viewer is helpful, but the procedure can be completed with the an IR card alone. If the trap is already aligned, skip this step.
The beam path will be open during the alignment procedure. Use best best laser safety practices, as recommended by your institution. Wear appropriately specified laser safety goggles to protect against accidental exposure to the powerful and invisible trapping laser. Know the beam path at all times, u. Use the minimum necessary power, r. Remove reflective clothing items and jewelry, and k. Keep reflective tools away from the bench while the laser is on.
 Remove the beam expander, objective, and condenser lenses. This is a good opportunity to clean them. Also remove the dichroic mirrors and LED illuminator. Cover the illuminator port for to prevent the beam from accidentally escaping. 
Adjust the fiber coupler to produce a collimated beam. Set upPlace two alignment disks targets in the beam expander path. and aAdjust the fiber coupler and steering mirror to center the beam in the horizontal path. 
Ensure that the front surface of the horizontal dichroic mirror is centered in its mount and replace it in the cube. Use two mounted pinholes to measure the vertical path of the beam. Adjust the dichroic and right angle mirrors so that the beam passes through the center of both targets.
Replace the beam expander lenses. Small adjustments to the dichroic and steering mirrors may be necessary. Adjust the distance between the beam expander lenses to produce a collimated beam. Secure the lenses. You will refine this adjustment in a later step.
Replace the sample, objective and condenser. Temporarily replace the LED illuminator and bring an empty area of a sample into focus. Remove the LED and adjust the condenser height to collimate the beam that emerges from the LED illuminator port. Adjust the condenser X/Y translator so that beam is vertical. Replace the LED illuminator.
Move the detector lens to the middle of its range and replace the detector branch dichroic mirror. Adjust the dichroic to zero the X/Y position reading. 
Replace the IR blocking filter in front of the camera with a filter that has an optical density of about 1 for infrared light, such as the FM01 from ThorLabs. This will allow you to visualize the laser spot directly with the CCD camera. 
Bring the reflection of the laser spot on the cover slip into focus. Adjust the camera and beam path to center the spot in the field of view. Assess the quality of the beam by observing the spot as you move the sample up and down. An asymmetric or swirling pattern may reveal an alignment problem. 
Replace the tubes enclosing the beam path and the position detector dichroic.
Trap a single, freely diffusing microsphere. Adjust the height of the stage so the particle is near the middle of the sample cell. Mark the location of the center of the trap on the computer screen. Adjust the height of the stage so the particle is not trapped against the coverslip. Now fine-tune the distance between the beam expander lenses to bring the microsphere into focus. Save an image of a trapped bead for use during calibration.
Replace the tubes enclosing the beam path and the position detector dichroic.
4. Adjust the detection branch optics
With a single particle trapped, monitor the QPD position signal. Adjust the detector X/Y translator to center the readout. If the spot cannot be centered, set the translator to the middle of its travel and use the kinematic platform of the sample stage to center the signal. Then refine the adjustment with the X/Y translator. This step should be repeated every time you change samples. 
If the detector produces a poor readout after adjustment, it may be necessary to re-align the X/Y translator on the condenser using the X/Y
Use the detector X/Y translator to center the QPD position reading. If you can’t center the signal, adjust the kinematic platform and then refine the adjustment with the X/Y translator. Center the detector signal each time you change samples. 
5. Acquire calibration data.
With the a single microsphere still in the trap, check the power spectral density plots of the X- and Y-axis signals to ensure that the signal is clean. save Save several seconds of X/Y position data. Repeat this step with a range of laser power levels. This will be used to compute the trap stiffness by the equipartition and PSD roll off methods. Here, the sample rate is 100 KHz and we are saving five seconds of data.
For Stokes calibration, apply a sinewave at the A0 output of the data acquisition system tofirst set themake the stage oscillation oscillate in the X direction. Here, we are using an amplitude of 2 Volts and a frequency of 2 Hertz. Save several seconds of X/Y position data with the stage in motion. Do this for both X and Y axes, at several laser power levels.
Now measure the QPD detector responsivityresponse. Discard the trapped bead and bring a stuck microsphere into focus at the center of the trap. Move the stuck bead as close as possible to the trap center in all three dimensions. The image should look as close similar as possible to the one you saved earlier. Take an X/Y scan and save the data. Here we are scanning 20 lines with 250 samples per line. Run the scan in both directions. 
Repeat these steps scan for on several microspheres at several power levels.
6. Analyze the data.
7. To estimate the QPD position detector responsivity, load the XY scan data from a stuck bead into Matlab or another numerical computing environment. The file has four, tab-delimited columns that correspond to the X-QPD, Y-QPD, X strain gage, and Y strain gage rvoltages. Convert the strain gage voltages to distance units using the responsivity of the strain gage reader, in this case 2.2 microns per volt. 
Plot the X and Y QPD voltages versus position along the corresponding axis. Locate the scanline where the trap passed closest to the center of the stuck microsphere. This line has the greatest X deflection and smallest Y deflection. Estimate the slope of X QPD voltage curve near the zero crossing to find the QPD responsivity in volts per micron. Reduce the uncertainty of your estimate by averaging several datasets for each power level. Repeat the process using an YX scan to estimate the Y responsivity.
Estimate the trap stiffness using the equipartition theorem. Load time data for a trapped microsphere. Convert the QPD and strain gage voltages to distance units. Subtract the average value from the signal. Find the trap stiffness by multiplying Kb by temperature and dividing by the mean squared displacement.
Compute the power spectral density of the X signal. Use pwelch in Matlab or a similar function. Estimate the cutoff frequency. Use the formula for a second order overdamped system in the Appleyard reference to find the trap stiffness.
Estimate the trap stiffness using Stokes’ theorem. Load a dataset taken with the stage oscillating in the X direction. Convert voltages into distance units. Compute the stage velocity by taking the difference of the stage position using, for example, the Matlab diff command. Plot X displacement versus velocity and estimate the slope of the line. The trap stiffness is 6 pi times the radius of the microsphere times the viscosity of the solvent times the slope of the line. Repeat the process for the Y direction.
Repeat the process for a number of beads and power levels. Plot the results.

 The results from the three methods should be similar.
8. 
Representative Results:
Figure 1. Layout of the instrument
Figure 2. Representative QPD voltage vs. position curves 
Figure 3. Representative 5th order calibration plot 
Figure 4. Representative PSD plot
Figure 5. Representative Equipartition plot
Figure 6. Representative Stokes calibration data 
Figure 7. Plot of stiffness vs. laser power

 – What happens when the protocol is done correctly?  What is the purity of your nucleic acid sample?  After performing a cell culture prep, how will the cells look in optimal conditions? What do your labeled cells look like when imaged in vivo using 2-photon laser microscopy? Please add a “representative” outcome to the protocol to show a viewer what a “good” or even “bad” result looks like.  
Tables and Figures:   
Figure 1.  Schematic of the optical tweezers.  A 980 nm fiber-coupled laser is expanded by a Galilean telescope then focused using a 100x 1.25NA Oil objective.  A 10x objective acts as a condenser to re-collimate the light.  After passing through a trapped particle, a dichroic mirror redirects the laser beam to a QPD position detector. The back aperture of the condenser is focused on the QPD surface by a lens.  A blue ultra-bright LED illuminates the sample. The birightfield image is captured by a CCD camera.

Figure 2. Representative calibration curve using the linear portion of a stuck bead trace.  The raw data is shown in blue, the linear fit in red, and the limits used for the linear fit are denoted by vertical black lines.

Figure 3. Representative results of QPD calibration using a fifth order polynomial. Left panels show the voltage data for the scanned stuck bead. Panels on the right panels show the residual error in the two-dimensional fifth-order fit.

Figure 4. Representative trap stiffness calibration using the Power Spectral Density method.  Top panel shows the bead position versus time (blue: X; red: Y). PSD plots with least squares fits are shown in the bottom panel (X: black, blue; Y: gray, red).

Figure 5. Representative trap stiffness calibration using the equipartition method.  The top panel shows the raw bead traces and the bottom panel shows the movement of the bead in X and Y.

Figure 6. Representative results of trap stiffness calibration using Stokes’ drag method.  Top panel shows a scatter plot of particle position versus stage velocity with least-squares linear fit. Bottom panel shows the  raw data used to generate the distance and velocity data.  Stage position is plotted in black; bead position in gray; filtered bead position in red.

Figure 7. Representative plot of trap stiffness as a function of laser power for each of the three methods of calibration.  Red: equipartition method; blue: stokes flow method; green: PSD method.  The triangles and dashed lines are the data and lines of best fit for the X axis, respectively, and the squares and solid lines are the data and lines of best fit for the Y axis, respectively.


Please make sure that text in all tables or figures is made in Arial font.  Figures should be submitted separately as layered .tiff or .psd files at 300 dpi.   All tables and figures should be given an appropriate title and should have a corresponding figure legend.    
Discussion: 
Alignment and calibration of an optical trap1-7 was demonstrated using three methods.  
QPD responsivity GQPD was measured by translating fixed beads in the vicinity of the trap center using a piezo stage and recording the resulting output. The file used here has four, tab-delimited columns that correspond to the X-QPD, Y-QPD, X strain gage, and Y strain gage voltages. Strain gage voltages were converted to distance units using the responsivity of the strain gage reader, in this case 2.2 microns per volt. The calibration factor was estimated by finding the slope of a least-squares linear fit3 to the portion of the curve nearest the center of the trap. This is easy to locate because it has the greatest QPD deflection in one dimension and the smallest deflection in the other. 
Another method for estimating GQPD from an X/Y scan is to fit the two dimensional dataset to fifth order polynomial8. The polynomial fit is computationally and conceptually more complex; however, the residual error was reduced from  5-10 nm RMS for the linear fit to 2-6 nm RMS for the polynomial. Representative results for both methods are shown in Figures 2 and 3, respectively. 
The QPD responsivity should be measured on several different beads, over a range of power levels.
The first method for estimating the trap stiffness  takes advantage of the equipartition theorem3,9. The theorem asserts that the average potential energy of a trapped particle equals the average thermal energy of solvent molecules: , where is Boltzmann’s constant,  is the temperature,  is a vector of displacement samples, and  is the expected value operator. To calculate the stiffness by this method, convert QPD voltages for a sample of X- and Y- positions to distance units using GQPD. Take the variance of the X- and Y-position signals and solve for .
The Power Spectral Density (PSD) method12 makes use of the property that the thermal motion of a trapped bead can be well described by a Lorentzian power spectrum. The corner frequency of the spectrum is proportional to the stiffness of the trap. Using several seconds of X- and Y- position data captured at a sample rate of about 50 KHz, compute the power spectral density of the signal for each axis. Use the pwelch function in Matlab or a similar method. Estimate the cutoff frequency either by hand or by fitting a parameterized Lorentzian curve. , where  is the cutoff frequency in Hertz,  is the viscosity of the measurement medium, and  is the diameter of the microsphere. Representative results for this method are shown in Figure 4. This method can also be used to find GQPD, as shown in reference 3.
The third method uses a force balance of hydrodynamic force from moving the fluid in the sample with the restoring force applied by the optical trap to keep the particle near the center: , where d is the diameter of the bead10,11. To find the stiffness this way, load a dataset taken with the stage oscillating in one direction and use GQPD to convert voltages into distance units. Compute the stage velocity by taking the difference of the stage position using, for example, the Matlab diff command. Use least squares regression to find the slope of the line given by plotting x versus v. The slope is equal to .Representative results for this method are shown in Figure 6.
, the Power Spectral Density (PSD)12 method makes use of the property that the Brownian motion of a trapped bead can be well described by a Lorentzian power spectrum.  The corner frequency that is found by fitting the PSD is then directly proportional to the stiffness of the trap.  Each method estimated trap stiffness that is linearly proportional to the laser power used for trapping ( Figure 7).
Short discussion on critical steps, possible modifications, applications, significance, etc…
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Table of specific reagents and equipment:
	Name of the reagent
	Company
	Catalogue number
	Comments (optional)

	OTKB Optical Trap KitDMEM
	InvitrogenThorLabs
	ABCD1234OTKB
	

	Wide Band Hot Mirror
	ThorLabs
	FM01
	

	1µm silica microspheres
	Bangs Labs
	SS04N/9857
	

	DAQ Interface
	National Instruments
	USB-6212
	

	Instrumentation amplifier
	Tektronix
	AM502
	Or build your own from BatchPCB.com catalog number 57271

	Numerical analysis software
	Mathworks
	Matlab
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