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to absorb heat. Ashkin had also used optical trapping for manipulating single cells44 and cell 

organelles45, as well as for measuring direct forces from translocating organelles in cells46. 

Unsurprisingly, his contributions towards the development of optical tweezers and its applications 

to biological systems won Ashkin half of the 2018 Nobel Prize in Physics.  

Physics Behind Optical Tweezers 

As Ashkin observed, a strongly focused laser beam can catch and hold dielectric particles ranging 

in sizes from nanometers to micrometers47. The idea of optically trapping particles much larger in 

diameter (micrometer scale for us) than the wavelength of the light used can easily be explained 

using geometric optics. A particle experiences two forces, a scattering force which pushes it in the 

direction of the laser propagation and a gradient force that typically pushes it towards the center 

of the beam.  

When a laser beam is used to trap a transparent particle, the rays of the beam that pass through 

the particle would be refracted at the interfaces of the surrounding and particle. Figure 948 

illustrates a simple situation when the particle to be trapped is symmetrically located along the 

optical axis of the microscope An incident ray (blue) travelling through the surrounding medium 

with index of refraction 𝑛1 reaches the surface of a bead with an index of refraction 𝑛2 at an 

incident angle 𝜃1. The ray is then refracted at an angle 𝜃2 to the normal as a result of Snell’s law: 

 𝑛1𝑠𝑖𝑛𝜃1 = 𝑛2𝑠𝑖𝑛𝜃2 (1) 

In our case the refractive index of the bead (𝑛2) is higher than the refractive index of the 

surrounding (𝑛1) therefore 𝜃2 will be less than 𝜃1 causing the ray to bend towards the normal 

when it enters the bead (as shown in Figure 9). As the ray leaves the bead, it is also refracted in 
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according to Snell’s Law causing the ray to bend away from the normal. The same applies for the 

symmetric incoming ray (red) on the opposite side. The change in direction of light rays due to 

refraction through the bead causes an overall change in the momentum of the photons 

constituting the beam (top insets in Figure 9). This momentum change gives the direction of force 

experienced by the photons. If you add these forces created by the two symmetric rays, you can 

obtain the net force experienced by the photons traversing the rays (bottom left inset in Figure 9). 

By symmetry, you can say that the total force will be upward pointing away from the focal point 

of the objective. The force on the bead will be equal and opposite to the force on the photons 

(bottom right inset). This is known as the scattering force that pushes the bead centered on the 

optical axis of the objective in the direction of the beam.  

 

 

 

 

 

 

 

 

 

Figure 9: Schematic of scattering forces on a bead centered on the optical axis. Symmetric laser rays (red and blue 

vectors) emerge from an objective (top oval) and refract through a bead of higher refraction index (grey) causing a 

change in momentum to the light’s photons (top right and left). This change in momentum results in a net force on 

the photons (bottom left) and in turn creates an equal and opposite force to the bead (bottom right).  

(Adapted from Ref.48) 
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On the other hand, if the bead is slightly displaced from the optical axis of the objective, the 

gradient force comes into action (Figure 10)48. The Gaussian profile of the laser creates radially 

symmetrical distribution of the intensity with maximum intensity being at the center of the beam 

and dying away towards the edge. The more intense ray from the center of laser beam (darker 

red ray shown in Figure 10) pushes the bead towards the optical axis and the less intense ray from 

the edge of the beam (lighter red) pushes the bead away from the optical axis. Since the 

momentum change caused by the more intense beam is significantly greater than that by the less 

intense beam the net force of the laser will be towards the optical axis at an angle as shown in 

Figure 10. The component that pushes the bead towards the optical axis is known as the gradient 

force and the component that pushes the beam along the optical axis is known as scattering force. 

 

  

Figure 10: Schematic of gradient force on the bead. The darker ray has greater intensity due to the Gaussian profile 

of the beam. As the beams are refracted through the bead, the net momentum change in the more intense beam is 

going to be higher resulting in the net force on photons shown to the left inset. Consequently, the net force on the 

bead will react equally and oppositely (right inset). This will pull the bead towards the optical axis and push it 

towards the trap. (Adapted from Ref. 48) 

Net Force on Photons
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In a dual beam optical tweezers design, there are two counter propagating laser beams that are 

finely focused to trap the particle. As a result of these two beams, the scattering forces will cancel 

each other out and the trap is stabilized allowing higher trapping forces49. 

Trapping and Stretching DNA with Optical Tweezers 

In 1997, Steven Block’s and his research team were the first to trap and manipulate individual DNA 

molecules using optical tweezers50. Even though force measurements and applications on 

individual DNA molecules had been demonstrated previously using magnetic tweezers51 and 

atomic force microscopy52, optical tweezers allowed for a much larger range of forces, up to 

150 pN, that could be applied53. 

The forces exerted in optical tweezers 

experiments are in the order of piconewtons 

(pN) which are about a trillion times smaller 

than the force exerted by the weight of an 

apple. These forces are in the same order of 

magnitude as the forces exerted on DNA inside 

living cells54. Typically, in optical tweezers 

experiments a single dsDNA molecule is 

chemically attached to a tether and a 

polystyrene bead or between two polystyrene 

beads. During the stretching experiments, the 

tension in the DNA molecule is measured as it is stretched as a function of the extension. Figure 11 

Figure 11: DNA force-extension stretching curve. 

Highlighted are the four distinct regimes: entropic 

regime (red), elastic regime (green), overstretching 

transition (blue), and the ssDNA regime (purple). The 

open circles and dashed lines represent the stretch 

curve and the release curve respectively. 
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shows the force-extension curve obtained from stretching dsDNA that is free to unwind during 

the stretching (torsional unconstrained).  

The dsDNA force-extension curve is divided into four distinct regimes: entropic regime, elastic 

regime, overstretching transition, and the ssDNA region55. The first regime, the entropic regime 

(highlighted red in Figure 11), shows that minimal force is required to unravel dsDNA as it becomes 

taut. Beyond this regime, the dsDNA begins to act similar to a rubber band and a larger magnitude 

of force is required to further extend it. This is known as the elastic regime (highlighted green in 

Figure 11). After the elastic regime, there is a sudden increase in extension with little force 

required. This region around 65 pN is known as the overstretching regime (highlighted blue in 

Figure 11) where we believe there is a disruption of the dsDNA base pairing and stacking 

interactions resulting in the dsDNA undergoing a force induced melting transition56-58. Further 

stretching leads into the ssDNA regime (highlighted purple in Figure 11) where the dsDNA 

molecule is now mostly two ssDNA held together by few GC rich regions18,59.  

Visualizing Intercalation in DNA Stretching Experiments 

Typical experiments to study the interactions of intercalators have been done by stretching DNA 

molecules in the presence of the intercalator to obtain a force-extension curve. By observing the 

changes in the DNA stretching curves, with and without the intercalators, models have been 

developed to quantify the interactions between the DNA and these molecules30.  
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Figure 12 shows experimental data from stretching DNA in the presence of various concentrations 

of the intercalator ethidium bromide with DNA15. The black curve represents the characteristic 

DNA stretching curve of a dsDNA molecule with 

no intercalator present. As increasing 

concentrations of the intercalator are added, 

several alterations occur. The curves are shifted 

to the right with the increasing intercalator 

concentration indicating the lengthening of 

DNA with more intercalators binding. This 

lengthening stops when the DNA is saturated 

with the intercalator. Another interesting 

feature is the melting force increase, which explains the intercalator strengthening the dsDNA 

structure and requiring more force to open up the base pairs. The melting transition is also 

shortened with increasing concentration until vanishing after a critical concentration (125 nM in 

this case), suggesting that after this concentration the melting of dsDNA is impossible. 

  

Figure 12: DNA stretching curves in the presence of 

various concentrations of a classical intercalator 

ethidium bromide. (Adapted from Ref. 15) 
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Materials and Methods 

 

Dual Beam Optical Tweezers Setup  

We used a dual beam optical tweezers setup (Figure 13) for our experiments, where two counter 

propagating laser beams are finely focused by microscopic objectives to trap micron-sized objects. 

The entire set up is built on a heavy optical table that is isolated from ground vibrations using 

compressed air. This enables us to measure forces in the piconewton range without any 

interference from vibrations caused by the surrounding. A full schematic showing the beam paths 

and components of the dual beam setup is shown in Figure 14.  In our setup, a single laser beam 

is split into two separate beams that follow equidistance paths until reaching two microscopic 

objectives. Each beam must be finely aligned to go through the objective and get focused to a 

Figure 13: Image of the optical tweezers setup at Bridgewater State University. 
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single spot (within a micron resolution), in a fashion such that when emerging out of the second 

objective they overlap with the incoming beam travelling in the opposite direction.  

 

  

We use a butterfly diode laser source (Lumics, LU0786M250) with wavelength 785 nm and power 

275 mW, which is linearly polarized and coupled to a fiber port through a Polarization Maintaining 

fiber (PM fiber). The laser source is maintained at a constant temperature of 25 °C with help of 

temperature control module (Thorlabs, CLD1015).  The fiber port orientation is adjusted to 

maintain the polarization to be vertical to the optical table.  
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Figure 14: Schematic of the dual beam optical tweezers setup. 
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This beam is then split into two equal power beams by a beam splitting cube. Laser line mirrors 

are used to reflect and steer the paths of the two beams until reaching polarizing beam splitting 

cubes. These cubes are made up of two prisms with dielectric beam-splitting coating applied 

between the hypotenuse planes connecting them. The cubes separate the polarization 

components by reflecting the set of linear polarization that is parallel to the plane with dielectric 

coating, while allowing the other polarization to pass. The first set of polarizing beam splitting 

cubes, on both beam paths are oriented in a way to steer the vertically polarized light towards the 

objectives. They pass through second set of polarizing beam splitting cubes that do not affect 

them, as these are oriented to reflect only horizontally polarized light.  

The beams continue to go through quarter wave plates which transmit light and modify its 

polarization. They do so by retarding one component of the polarization by a quarter wave, with 

respect to its orthogonal component. This allows for the change in polarization of light from 

linearly polarized light to circularly polarized light and vice versa. Then the now circularly polarized 

counter propagating beams finally pass through the objectives and into a custom-made glass flow 

chamber known as the flow-cell (design explained in the next section), where they create the 

optical trap.  

As the beams passes through the flow cell and exit through the second objective, they are steered 

into a second set of quarter wave plates, which retards one component of the polarization by a 

quarter wave again, with respect to its orthogonal component. This changes the circularly 

polarized light into horizontally polarized light (after passing through the two quarter wave plates 

vertically polarized light is made to be horizontally polarized light). The polarizing beam splitting 
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cubes that are next to the quarter wave plates are oriented in a way that this horizontally polarized 

light can be reflected up into position sensing detectors (PSDs). Imperfection of the polarization 

beam splitting cubes will allow some light to still pass through them.  That light travels through 

the second set of polarizing beam splitting cubes on both sides and onto a beam splitting mirror 

that guide them towards the cameras. This allows us to image the laser spot and visualize the 

optical trap on a computer screen. 

A blue LED source is used from either side to illuminate the flow-cell and focused inside a CMOS 

camera allowing us to see around the optical trap inside the flow-cell. Since the blue light from 

LED  is randomly polarized, it can pass through all of the optical components.  

Flow-cell Design 

All of our experiments took place in 

an airtight house-built small flow 

chambers that we call flow-cells 

(Figure 15). The flow-cell is 

constructed out of a custom cut 

Plexiglas spacer with an open channel 

in the middle and three machine 

drilled canals (one on each side and 

one on the top) leading into the 

middle channel. This spacer is sealed 

by two glass cover slides (Thermo 

Waste Tube

Syringe Tube

4 Inlet Tubes

Micropipette tip

Figure 15: Custom made flow-cell designed for optical tweezers 

experiments. A micropipette tip is inserted through the vertical 

canal and connected to a syringe. Four inlet tubes are inserted 

(right) to allow the flow of buffer, beads, DNA, and the studied 

drug into the chamber which then are flowed out and collected by 

a waste tube inserted from the opposing side. 
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Scientific G CVRGLS NO 1 30X22 mm) from each side using an optical adhesive (Norland Products 

6801) and cured with UV light (whenever we use the optical adhesive we allow it to cure for 

15-20 minutes under UV light). 

A borosilicate glass micropipette tip (World Precision Instruments TIP1TW1) is inserted through 

the top machined drilled canal down into the flow channel such that the tip is just before the 

middle of the channel. This insertion requires great precision as any minor bumping of the tip will 

cause it to shatter, therefore carefully done with the help of a microscope and very steady hands. 

After inserting the tip, the region where the tip enters the canal is sealed with optical adhesive. A 

diamond engraver pen is used to fragment off the excessive length of the micropipette tip, leaving 

between 0.5 – 1 cm of the tip outwards. This small stub is inserted into a tubing (0.050" ID x 0.090" 

OD, Cole-Parmer EW-06419-05) and sealed again with the adhesive. This tubing is later connected 

to a syringe during the experiments to apply suction in the tip.  

Four inlet tubes (0.011” ID and 0.024” OD, VWR International 63019-004) are inserted through 

one of the drilled holes on one side of the flow-cell and sealed with the optical adhesive. These 

inlets allow for the flow of buffer, beads, DNA, and the intended drug to be studied into the flow-

cell. A waste tube (0.045” ID and 0.062” OD, VWR International 63019-128) is inserted through 

the drilled hole on the opposite end and sealed with the optical adhesive. This outlet leads to the 

collection of the waste in a separate container. The construction of each flow-cell typically takes 

around four hours to build and each typically last only for several experiments before needing 

replacement.  
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Setting up the Flow-cell 

We must follow numerous steps and have consistent preparation methods everytime we plan to 

set up our experiments. We first begin connecting a flow-cell to custom-made reservoir tubes that 

will hold volumes of the various biomaterials needed 

for our experiments. Figure 16 shows the reservoir 

tubes that hold our biomaterials needed for the 

experiments. The bottom of each reservoir tube is 

sealed to a tubing (0.020” ID and 0.060” OD, Cole-

Palmer EW-06419-01) that goes through a valve to 

allow or block the flow of the biomaterials. The 

tubing is then connected to one of the inlet tubes of 

the flow-cell.  

The lids of the reservoir tubes are 

connected to a compressed air system 

so that pressure can be applied to flow 

the biomaterials into the flow-cell. This 

air pressured system uses a set of 

solenoids that are controlled by a 

custom-made electrical flow control 

box to switch between different 

biomaterial flows (Figure 17). 

Figure 16: Reservoir tubes that house our 

biomaterials used in experiments labelled for 

buffer, beads, DNA, and drug. 

Figure 17: Electrical flow control box to control the flow of buffer, 

beads, DNA, and drug into the flow-cell. Compressed air is used to 

apply pressure on the biomaterials inside the reservoir to push them 

through the tubings into the flow-cell for the experiments. 
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Cleaning up the Flow-cell 

After setting up the flow-cell, around 2 ml buffer solution that mimics the physiological conditions 

found within the body’s cells (100 mM Na+, 10 mM TRIS, pH 8) is flowed through each reservoir in 

order to clean out any dust or contaminants in the system. All of the air from the tubing and flow-

cell is then removed by filling the flow-cell by flowing in buffer from each reservoir tube and gently 

tapping to get rid of any air bubbles. Then the flow-cell is carefully docked in between the 

objectives onto a holder housed on a piezoelectric controlled stage (Figure 18).   

Figure 18: Image showing a flow-cell docked in between objectives onto a holder housed on the piezoelectric 

controlled stage. 
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Basic Laser Alignment 

The next step of the preparation process is our daily 

laser alignment. We start by turning on the 

temperature control module for the laser and wait 

until it reaches the set temperature of 25 °C and 

then turn the laser on. Next we turn on one of the 

cameras and the opposing blue LED source to 

illuminate the flow cell. This will project a magnified 

image of the experimental area on a display screen. 

By manually moving the flow-cell and the piezo stage, we can find the micropipette tip and bring 

it to a position relatively close to the laser trap (Figure 19).  

We then finely align the counter propagating laser beams of the optical trap by following a 

sequence of adjustments. This involves manual alignment of the position sensing detectors (PSD) 

on either side and alignment of the objectives done with the piezo controller. We repeat this 

process by switching the view back and forth between the cameras on both sides until we see that 

the beams are overlapped indicated by the same image on both cameras. 

Trapping Beads and Obtaining the Trap Stiffness 

Once the basic laser alignment is done, streptavidin-coated polystyrene beads (Bangs 

Laboratories, CP01N) are added into the beads reservoir tube. Beads with mean diameter 4.95 μm 

were used initially and then switched to 3 μm (Spherotech, No. SVP-30-5) later on since they had 

better coating of streptavidin.  Then the flow of beads into the flow-cell is turned on using the 

Figure 19: Image of the monitor displaying the 

micropipette tip and the spot of the laser trap. 
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flow control box until a bead is caught and held by the lasers. This bead is then fixated to the 

micropipette tip by suction.  

A trap-stiffness test is done to assure that our 

optical trap is “stiff” enough by moving the bead 

attached to the tip across the optical trap and 

measuring light deflections to see whether the 

lasers are properly aligned (Figure 20). This is done 

by an automated program that controls the 

movement of the piezo stage holding the flow-cell 

and collects the deflection of the laser on the PSD. 

The axis marked as Force in the graph is essentially 

measuring the displacement of the laser recorded 

by the PSD, which is zero before the bead enters the trap and becomes zero after the bead 

completely traversed through the trap to the other side. The green and blue data in the graph 

represents two detectors on either side. The filled and open circles in the graph indicate the bead 

attached to the tip moving away and returning. If both lasers are properly aligned, the open circles 

will trace back the same curve as the tip returns back to the original position. The trap stiffness 

curve is saved to be used in the analysis program. 

  

Figure 20: Image of a trap stiffness curve. The blue 

and green dots represent measured positions of the 

deflected beams by the PSDs.  
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Trapping a Single DNA Molecule 

After obtaining the trap stiffness, we can progress towards trapping dsDNA molecules. A second 

bead is trapped with the lasers and the bead attached to the micropipette tip is brought in close 

proximity. The two beads are bumped against each other gently to ensure that they are in the 

same plane. Once we have these two beads, the excess beads are rinsed out by flowing buffer.  

The biotinylated lambda dsDNA (labelled by Senior Research Scientist Dr. Micah McCauley at 

Williams Lab, Northeastern University) is added into the DNA reservoir tube and flowed into the 

flow-cell by turning on a very low pressure (<< 1 psi) onto the DNA-reservoir. The biotin, labelled 

on the dsDNA 3’ ends, has a very high affinity to its complimentary chemical, streptavidin, which 

is coated on the beads. This results in a strong bond between the two, which can withstand high 

temperatures, pH, and forces, after coming in contact. During the flow, one end of a dsDNA gets 

chemically attached to the bead held by the lasers. Its other end is left hanging and floating along 

with the flow. We then will use the bead attached to the micropipette tip to fish around for that 

loosely floating end (we use the term fish because the dsDNA molecule is too small for us to see 

while we are trying to catch it, just how you can’t see the fish until it is caught while fishing). Once 

the dsDNA molecule has been tethered in between the two beads, the bead in the trap will move 

when we move the bead attached to the tip. This movement is used to indicate that we have 

caught a DNA. A summary representing how we trap dsDNA and visualize the tether between the 

two beads is depicted in Figure 2155.  
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Constant Force Measurements 

After trapping the dsDNA molecule and washing out any excess dsDNA by flowing buffer, we can 

now manipulate and stretch it. Computer software is used to control the movement of the stage 

to take 100 nm steps and to measure the force exerted by recording the deflections of the laser 

in each detector. This produces a DNA stretching curve, which should resemble the characteristic 

curve previously mentioned in Figure 11. If it does not, it may be a result of having a damaged 

Figure 21: Schematic (left) and corresponding images seen during the experiments (right) of stretching a DNA 

molecule with optical tweezers at various stages. (a) DNA molecules are flowed into the flow-cell from the right 

side to left until one is caught between the two beads. (b) the DNA molecule is pulled towards the left causing it to 

stretch and (c) melt the double helix. In the images the micropipette tip, beads (~5 um) and the laser focus (~1 um, 

bright spot) are visible but the DNA is not. As the tip moves to the left, a tension is created in the DNA between the 

two beads, pulling the bead in the trap towards the left.  (Adapted from Ref. 55) 
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dsDNA or multiple dsDNA caught between the beads. In this case the process of fishing for DNA is 

repeated. 

Once a single DNA molecule is caught, the traditional experiments to study intercalators stretch 

and release dsDNA in the presence of intercalators at various concentrations. The binding kinetics 

of these molecules are fast enough to reach equilibrium during the stretch-release cycle. This 

allows us to apply thermodynamic and statistic models to characterize the interactions between 

the molecules and DNA.  

As mentioned in the introduction, threading 

intercalators can take hours to reach their 

final binding form since they must thread 

their bulky ancillary ligands through the DNA 

base pairs. The time taken for typical dsDNA 

stretch-release curves are not sufficient for 

them to reach equilibrium. Therefore, to 

study our binuclear ruthenium complex, 

-P (synthesized by our collaborators from 

Chalmers University of Technology Sweden), 

we stretch and hold the dsDNA molecule at a certain force, to facilitate the threading process. The 

dsDNA is held at the constant force until the drug binding reaches its equilibrium using a force 

feedback loop created by the computer program. The elongation of the dsDNA as -P molecules 

bind to it is recorded as function of time by the program. These experiments are known as 

Figure 22: DNA stretching curve in the absence of drug 

(black open circles) and DNA extension obtained while 

holding at a constant force of 40 pN in the presence of 

20nM concentration of -P (orange). 
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