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The development and some applications of holographic optical tweezers (HOT) are 

presented. Our HOT system uses a spatial light modulator (SLM) to control the 

location and properties of the optical trap. We have developed a method for opti

mizing the diffraction efficiency of a SLM that can be applied in situ and addresses 

the issues of nonlinear phase modulation and phase modulation less than 2π. The 

method employs a one-dimensional blazed phase grating written on the SLM. For an 

ideal SLM, the phase shift is linear and covers 0-2π, yielding a first-order diffraction 

efficiency of unity. For a realistic SLM with nonlinear or reduced phase shift, the 

efficiency is approximately η = 1 − σ2, where σ2 is the variance of the phase error 

from the ideal case. Because each pixel contributes to the phase error independently, 

this suggests a method to maximize the efficiency by adjusting the phase encoding 

of the SLM pixel-by-pixel. In practice, we do this by adjusting the gray-scale of each 



pixel while measuring the first-order diffracted power. The collection of optimal gray
 

values comprises the optimized gray-scale lookup table, which exhibits the nonlin

earity required to produce a linear phase grating and the saturated phase encoding 

that maximizes the efficiency of phase limited SLMs. 

The optimized SLM enables strong trapping power, even when distributed among 

multiple traps, which is essential to enable our system to trap multiple nanosensors 

and simultaneously detect the sensors’ fluorescence spectra with an imaging spec

trometer. Such nanosensors are capable of detecting changes in their environment 

such as pH, ion concentration, temperature, and voltage by monitoring changes in 

the nanosensors’ emitted fluorescence spectra. We have used streptavidin labeled 

quantum dots bound to the surface of biotin labeled polystyrene microspheres to 

measure temperature changes by observing a corresponding shift in the wavelength 

of the spectral peak, which is excited with a 532 nm wide field laser source. Particles 

with diameter greater than the wavelength of light exhibit Mie resonances in their 

fluorescence spectrum whose spectral locations are dependent on the size of the par

ticle and the relative index of refraction between the particle and the surrounding 

medium. 

HOT also provides a useful platform to study the micromechanical properties of 

elastic materials such as collagen. Collagen gels are widely used in experiments on cell 

mechanics because collagen is the most abundant protein in the mammalian extra

cellular matrix and is the primary source of its mechanical properties. Collagen gels 

are often approximated as homogeneous elastic materials; however, variations in the 

collagen fiber microstructure and cell adhesion forces cause the mechanical properties 



to be inhomogeneous at the cellular scale. We study the mechanics of type I collagen
 

on the scale of tens to hundreds of microns by using HOT to apply picoNewton forces 

to micron-sized particles embedded in the collagen fiber network. We measure the 

local compliance and elastic modulus of the collagen network and find that particle 

displacements are inhomogeneous, anisotropic and asymmetric. Confocal reflection 

microscopy is used to reveal the local fiber structure and a simulation treating the 

network as a triangular lattice is used for comparison to the HOT measurements. 

Collagen samples prepared at 21◦C and 37◦C show that gels formed at lower tem

perature are more inhomogeneous, anisotropic, and compliant than those formed at 

high temperature, and cellularized samples allow us to characterize the effects of cell 

adhesion forces on the network mechanics. 
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Chapter 1: Introduction 

The ability to manipulate matter with light enables scientists to explore phenomena 

that would otherwise be difficult or impossible to study. In 1970, Arthur Ashkin 

developed the first optical trap and showed that radiation pressure from a tightly 

focused laser could accelerate and confine micron-sized particles in three-dimensions 

near the focus of a laser [1]. While it had been known for some time that electromag

netic radiation could apply pressure to matter, it was not until the invention of the 

laser that the radiation intensity became strong enough to exert the pressure required 

to noticeably accelerate such particles. Optical traps, or tweezers, provide a handle 

that is used to manipulate matter without the need to make physical contact. They 

are capable of providing tens of picoNewtons of force, and can stably confine particles 

that range in size from nanometers to hundreds of micrometers. This thesis presents 

three research topics that are connected through the development and application of 

holographically controlled optical tweezers. Chapter 3 discusses methods to optimize 

the diffraction efficiency of a spatial light modulator, which is the diffractive opti

cal element that enables holographic control of the laser beam in three-dimensions. 

Chapter 4 presents the addition of an imaging spectrometer to the holographic opti

cal tweezers system to enable multiplexed fluorescence spectroscopy of trapped par

ticles. Chapter 5 addresses the application of holographic optical tweezers to study 

the mammalian extra-cellular matrix that is composed primarily of type-I collagen. 
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1.1 Optimization of Holographic Optical Tweezers 

Holographic optical tweezers (HOT) is the application of a diffractive optical element 

(DOE) to reconfigure the position or shape of the optical trap. The DOE modulates 

the phase and amplitude of the laser with a diffraction pattern based on the princi

ples of Fourier optics, discussed in Chapter 2, to control the trap. HOT enables full 

three-dimensional control of the trap, large arrays of traps, generation of Laguerre-

Gaussian (or helical) modes, Bessel modes, and aberration correction [2–6]. These 

methods have been employed to study thermodynamic problems, build micromechan

ical systems such as pumps or valves, and develop new methods to study and control 

biological systems [7–11]. Liquid-crystal display spatial light modulators (SLMs) 

provide high modulation of the phase with minimal amplitude modulation, which 

simplifies the calculation of the diffraction pattern and provides high throughput of 

the beam intensity [12]. SLMs are able to update at video frame rates (≈60 frames 

per second) and algorithms are able to calculate the desired diffraction pattern at 

similar rates, enabling interactive control of the traps [13]. An ideal SLM would 

put all of the laser’s power in the first diffracted order, but real SLMs are limited 

by conditions such as nonlinear phase response and maximum phase modulation less 

than 2π. Chapter 3 presents methods to optimize the first-order diffraction efficiency 

with respect to these conditions using a general diffraction-based method that relies 

only on laser power measurements. 
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1.2 Multiplexed Fluorescence Spectroscopy 

The trap positioning capabilities of HOT make it possible to microscopically position 

localized, intracellular sensors to detect changes in biochemically relevant quantities. 

Fluorescence spectroscopy uses a high energy light source to excite electrons in the 

fluorescent molecule from the ground state to an energized state. This excited state 

will decay back to the ground state, but may first lose energy due to vibrations and 

interactions with the environment around the molecule. This emission spectrum is 

collected by a spectrometer to measure the environmental properties such as pH, ion 

concentration, temperature, and voltage [14–19]. Other changes in the fluorescence 

spectrum may occur due to the optical properties of the environment around the 

sensor, and may be used as an additional sensing agent. One example is the optical 

resonances of small particles. Mie resonances on spherical particles larger than the 

wavelength of light, or whispering gallery modes, are high-Q peaks in the spectrum 

that shift with respect to temperature [20–22]. Current fluorescence spectroscopy 

techniques are able to label a molecule of interest or a sensor particle with a fluo

rescent tag, but are unable to non-invasively manipulate the positions of sensors in 

a cell to take multiple measurements simultaneously. The HOT platform for mul

tiplexed fluorescence spectroscopy discussed in Chapter 4 was developed to achieve 

these goals, and has been used to test fluorescent particles as temperature sensors. 
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1.3 Micromechanics of Type-I Collagen 

The flexibility in the positioning of a single trap provided by HOT has made possible 

new types of micromechanical measurements to study the local elastic properties of 

materials. Optical tweezers have been employed as microrheometers to measure 

viscoelasticity, and in some cases to study the local elastic properties of materials 

[23–25]. The micromechanics of collagen, the main component in the extra-cellular 

matrix (ECM), are believed to strongly influence the behavior of cells. When collagen 

gels are reconstituted to simulate the ECM from molecular solutions, they form 

porous fiber networks with nonaffine kinematics and inhomogeneous local mechanical 

properties [26, 27]. The research presented in Chapter 5 used HOT to measure the 

local network mechanics. Polystyrene microspheres embedded in the gel were probed 

with a holographic trap that applies the same range of forces on the network as 

those exerted by cells. Confocal microscopy provided detailed information about the 

structure of the network. These two methods combined provided new insight into 

the relationship between the network structure and its mechanics on the microscopic 

scale. Our collaborators at Rice University have developed a triangular-lattice model 

of the fiber structure in two-dimensions that corroborates our findings about the local 

network structure and the response of the network to cellular contraction forces. 
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Chapter 2: Theory
 

This thesis presents applications of optical tweezers, which is an interaction between 

light and matter. Therefore, a discussion of the nature of this interaction is neces

sary. The foundation for this discussion lies in Maxwell’s equations, which predict 

the propagation of electromagnetic waves and the interactions between these waves 

and matter. These equations are the cornerstone of electromagnetic theory. See 

Refs. [28, 29] for a detailed discussion on the nature and consequences of Maxwell’s 

equations. Section 2.1 briefly details the theory leading from Maxwell’s equations 

to the properties of electromagnetic waves. Section 2.2 shows how electromagnetic 

waves exert forces on a small particle and examines the forces in two limiting cases: 

when the particle is much smaller than the wavelength and when the particle is much 

larger than the wavelength. Particles ranging in size from nanometers to hundreds of 

micrometers can be trapped by optical tweezers. Section 2.3 covers diffraction theory 

and Fourier optics, which are essential to the methods employed to holographically 

control optical traps with a spatial light modulator. This section also discusses how 

these theories are applied to optical tweezers to control the position of optical traps. 

Finally, Section 2.4 introduces some of the structural properties of collagen which 

are relevant to the application of our holographic optical tweezers system to study 

collagen network mechanics. 
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2.1 Propagation of Light 

In differential form, Maxwell’s equations are: 

\ · D = ρf , (2.1) 

\ · B = 0, (2.2) 

∂B\ × E = − , (2.3)
∂t 

∂D \ × H = Jf + , (2.4)
∂t 

where D, B, E, and H are the displacement field, magnetic induction, electric field, 

and magnetic field. Here ρf represents the free charge density, while Jf represents the 

free current density. The displacement field and magnetic induction are related to the 

electric and magnetic fields by the electric polarization, P, and the magnetization, 

M, of a material. In a linear, homogeneous material, we have: 

D = c0E + P = cE, (2.5) 

1 1 
H = B − M = B. (2.6) 

µ0 µ 

Here c0 and µ0 are constants which define the permittivity and permeability of free 

space, while c = crc0 and µ = µrµ0 are the relative permittivity and permeability 

of a material. Maxwell’s equations describe how the fields propagate through the 

space inside and outside of the material. Eq. 2.1 states that the divergence of the 

displacement field is proportional to the free charge density. Eq. 2.2 is the equivalent 

of Eq. 2.1 for the magnetic induction, which has no divergence. Eq. 2.3 and 2.4 
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lie at the heart of the theory of electromagnetic waves, as they describe the time-

dependent relationship between the spatial properties of the electric and magnetic 

fields. The three-dimensional wave equations for the electric and magnetic fields are 

derived directly from these equations: 

∂2E \2E = µc , (2.7)
∂t2 

∂2B \2B = µc . (2.8)
∂t2 

The wave equations imply that electromagnetic waves travel through space with 

velocity v = (cµ)−1/2 . Recalling that c = crc0 and µ = µrµ0, 

)−1/2 v = (c0µ0)
−1/2(crµr . (2.9) 

If we substitute into Eq. 2.9 the constants c = (c0µ0)
−1/2, which is the speed of 

√ 
light in vacuum, and n = crµr, which is the index of refraction of the material, 

the velocity of light inside the material is v = c/n. In most materials, µr ≈ 1, so 
√ 

that n ≈ cr. By considering waves that travel with a single frequency, ω, with 

wavelength, λ = 2πv/ω, the fields are of the form: 

E(x, y, z, t) = E(x, y, z)e −iωt (2.10) 

B(x, y, z, t) = B(x, y, z)e −iωt . (2.11) 

The spatial dependence must be determined for a specific set of boundary conditions 

in which the wave originates and propagates. The amount of energy in the wave is 
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given by the energy flux density, or Poynting vector,
 

1 
S = (E × B) . (2.12) 

µ 

S points along the direction in which the wave propagates, which we will define as 

the z-axis. The time-averaged energy per unit area is the intensity, 

1 
I =  S = cv|E|2 . (2.13)

2 

The parameters discussed above describe light generally in terms of electromagnetic 

theory. In the next section, this will be used to develop the theoretical framework 

for optical tweezers. 

2.2 Optical Tweezers Forces 

The interaction between light and matter allows for light to exert a force on matter. 

This is the basis of optical tweezers, in which a beam of light confines a small particle 

to a region in space as in Fig. 2.1. In this section we will discuss the trapping force in 

two limiting cases: when the particle is much smaller than the trapping wavelength 

and when the particle is much larger. We will also present the dependence of the 

gradient, or dipole, force on the size of the particle. This is the force that acts to hold 

the particle in place. The exact forces on a sphere of arbitrary size are calculated by 

scattering theory in Refs. [30, 31]. 
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Figure 2.1: An optical trap pulls particles to the focus of a laser beam. 

2.2.1 Rayleigh Approach to Optical Tweezers Forces 

In this section we will discuss the forces on a sphere much smaller than the wave

length, λ, of the trapping light. In this case we use the Rayleigh approximation 

and assume that the magnitude of the electric and magnetic fields do not vary much 

across the particle, or that λ >> a, where a is the radius of the particle. We will 

use the electrostatic approximation to consider the interaction between the electro

magnetic field and the charges within the particle, where the particle acts as a point 

dipole. Then we will determine the energy of the dipole in the electric field of a laser, 

and finally, find the force. 

The polarizability of a small dielectric sphere is approximately given by the 
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Clausius-Mossotti equation, 

m2 − 1 
α = 4πcm a 3 = Re(α) + iIm(α), (2.14) 

m2 + 2 

where m is the ratio of the index of refraction of the sphere to that of the surrounding 

medium, np/nm. α is generally a complex number with an imaginary component due 

to the complex index of refraction, n ∗ = n + iκ, with extinction coefficient, κ. A 

weak electric field will induce a dipole moment, p, on the sphere that is linearly 

proportional to the applied field, 

p = αE. (2.15) 

Using Eqs. 2.15 and 2.13, the energy of a dipole in an electric field and the force on 

a dipole are: 

U = −p · E, (2.16) 

α α 
F = −\U = \|E|2 = \I. (2.17)

2 nmcc0 

The dipole is aligned with the polarization of the electric field, so that if the electric 

field oscillates in time, the dipole will oscillate, albeit with a phase lag that depends 

on Im(α). A uniform field will not exert a dipole force on the particle, however, 

because the electric field has no gradient. To understand where the trapping force 

originates we must consider the intensity distribution of the trapping laser, shown in 

Fig. 2.2. 
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b)a)

Figure 2.2: Properties of a TEM0,0 mode Gaussian laser beam, which is the typical 
mode used to trap particles with a higher index of refraction than the surrounding 
medium. a) Intensity of a Gaussian beam near the minimum beam waist, w0. b) The 
beam waist is the position along the transverse direction at which the intensity has 
decreased to 13.5% of the peak, and has a minimum at z = 0. For a collimated beam 
that passes through a microscope objective, this occurs at the focus of the objective. 

Most laser beams propagate through space in the transverse electromagnetic 

(TEM0,0) mode. This mode is derived under the paraxial approximation, which 

assumes that the second derivatives of the transverse components of the electric and 

magnetic fields along the axis of propagation are small enough to neglect. While 

this is not strictly true when a laser is focused through a microscope objective as 

in optical tweezers, it is sufficiently accurate for this discussion. From here on, we 

choose the z-axis as the direction of propagation of the wave, so that the x-y plane, 

or r-θ plane in polar coordinates, is the transverse plane. The intensity of a TEM0,0 

mode is a radially symmetric Gaussian function distributed in the transverse plane, 
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shown in Fig. 2.2a. The intensity of the laser is then [32]
 

   
w0 

 2 −2r2 

I(r, z) = I0 exp . (2.18) 
w(z) w2(z)

The width of the beam depends on its location along the z-axis, 

� �1/2  2 
z 

w(z) = w0 1 + , (2.19) 
zR

πw2 

zR = 0 , (2.20)
λ 

where the Rayleigh range, zR, has been used. The Rayleigh range is the distance 

away from the focus at which the expansion of the beam can be approximated as 

linear, as seen in Fig. 2.2b. When a Gaussian beam of width wi is focused through 

a lens of focal length f , the minimum beam waist is 

fλ 
w0 ≈ . (2.21)

πwi 

The minimum waist is further limited by diffraction, where D is the diameter of the 

lens: 

fλ 
w0 ≈ 1.22 . (2.22)

D 

When the beam is focused through a microscope objective so that it fills the aperture, 

w0 is limited by the numerical aperture of the objective, NA ≈ 1
2 D/f . The numerical 

aperture is generally less than 1 in most applications, so, w0 > λ. Our optical 
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a) b)

Figure 2.3: Second order Taylor series expansion from Eq. 2.23 plotted against the 
intensity given in Eq. 2.18. a) Intensity along the transverse direction, r. b) Intensity 
along the propagation axis, z. 

tweezers system uses an oil immersion microscope objective with NA = 1.40, giving 

w0 ≈ 2λ. 

The nonuniform intensity near the focus of the beam (r ≈ 0, z ≈ 0) is approxi

mated to first order by a quadratic function with a Taylor expansion, shown in Fig. 

2.3, 

2 2 2 2z 2r 4z r
I(r, z) ≈ I0 1 − − + + O(r 4 , z 4) . (2.23)

2 2 2 2z w zRwR 0 0 

From Eq. 2.17 and Eq. 2.13 the force of the Gaussian beam on the dipole is: 

α α 2z 4r 
F(r, z) = \I(r, z) ≈ − I0 2 ẑ+ 

2 ̂r . (2.24) 
nmcc0 nmcc0 z wR 0 

The first term in Eq. 2.23 does not contribute a net force from Eq. 2.24 on the 

dipole. The second and third terms provide a negative force, pulling the dipole to 
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the center of the beam, while the fourth term, which pushes the dipole away from
 

the center, is negligible for small r and z. When the beam is focused tightly, as with 

a high numerical aperture microscope objective, the Rayleigh range and beam waist 

are on the order of the wavelength and increase the net force on the dipole. While this 

gradient force traps the particle, the scattering and absorption forces act to push the 

particle away from the focus. These forces depend on the scattering and absorption 

cross-sections, Cs and Ca, which are derived from scattering theory [33, 34]: 

4π3|α|2 

Cs = , (2.25)
λ4 

2πIm(α)
Ca = . (2.26)

λ 

The light scattered and absorbed by the dipole exerts a force on the dipole, F = 

ICn/c. Explicitly, the three components of force exerted on the particle are: the 

scattering force, Fs; the absorption force, Fa; and the gradient force, Fg: 

4π3nm
Fs = |α|2I(r, z), (2.27) 

cc0
2λ4 

2π 
Fa = 

2 Im(α)I(r, z), (2.28) 
cc λ0
|α| 4πnma

3 m2 − 1 
Fg = \I(r, z) = \I(r, z). (2.29) 

cnmc0 cc0 m2 + 2 

If the particle is placed near the axis of the beam, the scattering and absorption 

forces point along the z-axis. A single beam optical trap requires the gradient force 

to be strong enough along the z-axis to hold the particle in place against Fs and Fa. 

This balance causes the equilibrium position for the particle to be just past the focus 
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rather than directly on it. Because the gradient force depends on a3, it will increase 

with the size of the particle in the Rayleigh approximation. This approximation 

breaks down, however, when the particle size approaches the order of a wavelength. 

Figure 2.4 shows this behavior for 1.06 µm light. In the limit of a particle that is 

much larger than the wavelength of light, we use geometric or ray optics to determine 

the force on the particle. This limit will be discussed in the next section. 

Figure 2.4: From Ref. [35]. Maximum axial trapping efficiency (Q) as a function of 
the radius of a polystyrene microsphere suspended in water. 

2.2.2 Geometric Optics Approach to Optical Tweezers Forces 

Geometrical optics describes the propagation of light when the wavelength becomes 

negligibly small in terms of rays, where a light ray follows the path defined by Eq. 

2.12 for electromagnetic waves. Such a wave also carries momentum density, ℘, as 
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Figure 2.5: Ray optics description of the way light traps a particle that is larger than 
the wavelength of the light. (a) If the particle is displaced from the center of the 
trap transverse to a Gaussian laser and nm < np, the particle experiences a change 
in momentum toward the axis. (b) The change in momentum of the particle along 
the beam axis points toward the focus of the beam, again due to the refraction of 
light through the particle. 

evidenced by the forces that an electromagnetic wave exerts on matter: 

1 
℘ = 

2 
S, (2.30) 

c

which points along the Poynting vector. We may now analyze the path of a ray 

carrying momentum, pri, as it enters and leaves a spherical particle, as in Fig. 2.5. 
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The ray will obey Snell’s law, 

nmsin(θm) = npsin(θp), (2.31) 

upon entering and exiting the sphere. Here θi is the angle between the surface normal 

and the ray’s Poynting vector, S. All rays passing through the particle experience 

a net change in direction. There must then be a net change in momentum for each 

ray, Δpr = prf − pri, where the direction of the final momentum, prf , is determined 

by Eq. 2.31. 

Newton’s Third Law states that every action must have an equal and opposite 

reaction. In this case, the opposite reaction must be the particle, so that the rays of 

light exert a net force on the particle. We use conservation of momentum to find the 

particle’s change in momentum, Δpp = −Δpr. When the index of refraction of the 

medium surrounding the particle is smaller than that of the particle, the transverse 

component of Δpp points towards the axis. For a Gaussian beam, the intensity will 

be asymmetric around the particle when the particle is not centered on the beam 

axis. The net change in momentum on the particle from all the rays points toward 

the axis as in Fig. 2.5a. To ensure a full three-dimensional trap, the axial forces must 

also point to the focus. This can be observed by placing the particle just below the 

focus, where the rays converge, and tracing the rays that pass through the particle, 

as in Fig. 2.5b. A thorough discussion of the forces on a sphere in the geometric 

optics limit is given in Ref. [36]. Now that we have covered the basic forces involved 

in optical tweezers, we will cover the basic theory that allows optical traps to be 

holographically controlled. 
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2.3 Diffraction
 

The location of an optical trap can be controlled by moving mirrors or by using 

diffractive optics. These methods enable micromanipulation of particles held by the 

trap and can be applied to create multiple traps. Our system uses a spatial light 

modulator (SLM) to holographically control the traps. The operation of this device 

can be understood with basic principles of diffraction and Fourier optics. 

Diffraction is the result of the Huygens-Fresnel principle, which states that every 

point on a wavefront acts as a new source of wavelets propagating at the same 

frequency as the initial wave. The resulting wave is the superposition of all the 

wavelets. This principle does not alter the propagation of the initial wavefront of 

a completely unobstructed wave, but if there is an obstruction that serves to block 

some of the wavelets or induce a phase lag, the resulting wave is an interference 

pattern containing information about the obstruction. To simplify the discussion we 

will consider the obstruction hereafter to be an aperture, but this can be extended 

generally by adding the incident field around the obstruction. We determine this 

interference pattern by considering the contributions made from each point of the 

field at the aperture, 

Ei i(ωt−kr)Ei(X, Y ) = e , (2.32) 
r 

where [X, Y ] are the coordinates at the plane of the interference pattern and r is 

the distance between the two points. Ei is the source strength for each point with 

frequency ω and wavenumber k = 2π/λ. The total contribution from all points is 
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found by integrating over the entire source:
 

 
EA(x, y)

E(X, Y ) = e i(ωt−kr)dxdy, (2.33) 
rA 

where we have used a continuous source strength per unit area defined in the coor

dinates of the aperture [x, y]. Figure 2.6 details the coordinates of the source and 

interference planes. Eq. 2.33 may be simplified if the interference is observed far 

away from the aperture. First, because the extent of the source is small relative to 

the distance between the source and the interference, the 1/r term is approximated 

by 1/R. The kr term in the exponent can not be treated the same way, however, 

because k is large and the exponent is much more sensitive to changes in r. A Taylor 

expansion of r gives 

r ≈ R[1 − (Xx + Y y)/R2 + O(R−4)]. (2.34) 

If x and y are small compared to R, this approximation is good and Fraunhofer 

diffraction occurs. The resulting electric field is 

 i(ωt−kR)e
EF (X, Y ) = EA(x, y)e ik(Xx+Y y)/Rdxdy. (2.35)

R A 

This equation looks suspiciously like a Fourier transform, 

 ∞ 
2πikxdx.f̂(k) = f(x)e (2.36) 

−∞ 

We define an aperture function, A (x, y) = A0(x, y)eiφ(x,y) that describes the spatial 
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Figure 2.6: The path length traveled by each wavelet from the source determines 
the diffraction pattern. The coordinates of the source are [x, y, z = 0] while the 
coordinates of the interference pattern are [X, Y, Z]. r = [(X −x)2 +(Y −y)2 +Z2]1/2 

is the distance between a point on the source and a point on the diffraction pattern, 
while R = [X2 + Y 2 + Z2]1/2 is the distance between the source origin and a point 
on the diffraction pattern. 

distribution, A0(x, y), and the phase, φ(x, y), of the field at the aperture. For a 

uniform plane wave incident on an aperture, the phase is constant and aperture 

function is the shape of the aperture. The variables kx = kX/R and ky = kY/R 

will be used to further stress the analogy of the Fourier transform. The Fraunhofer 

diffraction field is then 

∞ 

EF (kx, ky) = A (x, y)e i(kxx+ky y)dxdy, (2.37) 
−∞ 

or a 2-D Fourier transform of the aperture. The Fourier transform converts from 

the source to the diffracted field, while the inverse Fourier transform converts the 
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diffracted field to the source: 

E(kx, ky) = F {A (x, y)}, (2.38) 

A (x, y) = F −1{E(kx, ky)}. (2.39) 

This relationship between the source and its far-field diffraction is essential to the 

application of a SLM for holographic optical tweezers (HOT). If the SLM is placed 

at the focus of a lens, its Fourier transform is located at the focus on the opposite 

side of the lens, as seen in Fig. 2.7. In a typical HOT setup, the trapping laser 

has constant amplitude and phase when it is applied to a SLM. The phase of the 

SLM is imparted onto the laser without altering the amplitude, so that the aperture 

function of the laser from the SLM is 

iφ(x,y)A (x, y) = A0e . (2.40) 

The purpose of the SLM is to impart phase on the beam that will Fourier transform 

into the desired trapping pattern. Many algorithms have been developed to calculate 

the required phase to generate custom arrays of traps, offering trade-offs between 

calculation speed and quality [37]. The gratings and lenses algorithm is the simplest 

and fastest algorithm used to generate optical traps. It is based on applying the 

Fourier transform of a single spot shifted axially or transversely. The axial shift is 
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Figure 2.7: A lens placed one focal length away from an object acts to convert 
spherical waves into plane waves (or to convert rays emitted from a point source into 
parallel rays). The resulting waves will interfere so that the Fraunhofer diffraction 
pattern is moved from the plane infinitely far from the object to the plane at the 
focus of the lens. In this manner a lens is used to place the Fourier transform of the 
object at its focus. 

accomplished with the lens phase [2], 

2φlens(x, y) = − 
k 
(x + y 2), (2.41)

2f 

where f is the focal length of a lens replacing the SLM and k = 2π/λ is the wavevector 

of the light. The transverse shift of the trap, Δkx and Δky, is given by the phase of 
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a prism,
 

φprism(x, y) = a(xΔkx + yΔky), (2.42) 

while the total shift for a single trap is 

φ(x, y) = (φprism(x, y) + φlens(x, y))mod2π. (2.43) 

The phase pattern for multiple traps is approximated by taking the argument of the 

sum of the aperture functions for all desired traps, 

N 
φ = arg A (x, y)i . (2.44) 

n=1 

Our instrument employs two lenses in a 4-f system, as in Fig. 2.8, to place the image 

of the SLM at the back focal plane of the microscope objective and match the size 

of the beam to the aperture, so that the desired trapping pattern is located at the 

sample. 

Holographic control adds versatility and speed to the measurement capabilities 

of optical tweezers. When applied to study collagen, this is important to increase 

the number of particles that are measured and to accurately enable multi-directional 

measurements of the particle. These points will be further discussed in the following 

section. 
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Figure 2.8: The 4-f system composed of lenses L1 and L2 acts as a telescope to match 
the size of the beam to the back focal plane of the microscope while preserving the 
phase set by the SLM. The Fourier transform of the demagnified phase pattern is 
located at the focus of the microscope objective. 

2.4 Collagen Structural Hierarchy 

This section covers the structure and mechanics of collagen and some considerations 

for the application of holographic optical tweezers to study collagen. Collagen is the 

primary component of the extracellular matrix in which cells are found in the human 

body. For this reason, gels made from molecular solutions of collagen are used to 

study cells in three-dimensional environments. A collagen gel is a complex arrange

ment of randomly oriented fibers which gives rise to a semiflexible fiber network with 
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unique bulk mechanical properties. The fibers are in turn composed of smaller fibrils,
 

then microfibrils, which are composed of an ordered structure of collagen molecules, 

based on the Hodge-Petruska model [38, 39]. Each step in this hierarchy, shown in 

Fig. 2.9, is important to understand the relationship between the network structure 

and mechanics, and will be discussed herein. 

The type I collagen molecule, or tropocollagen, exists as a triple helix configura

tion of three peptide chains and is ≈300 nm long. While good estimates of the details 

of this structure exist, there are still some properties that are not well understood, 

such as the helical pitch, which is believed to have an axial repeat of either 20 Å or 

28.6 Å [40]. The persistence length of the molecule under the worm-like chain model 

is [41]: 

κ 
Lp = 

kBT 
, (2.45) 

which depends on the thermal energy, kB T , and the bending modulus, κ. Optical 

tweezers have shown that Lp ≈ 14.5 nm [42], while theoretical models, scattering 

measurements, and other viscoelastic measurements have found Lp ≈ 130-180 nm 

[43–45]. Given that κ = EI, where I is the moment of inertia and E is the Young’s 

modulus, we can use these measurement to find E. The moment of inertia for a rigid 

rod is I = πr4/4, so Young’s modulus is [46] 

E = 4kB TLp/πr
4 . (2.46) 

These uncertainties in Lp as well as the uncertainty involving the radius, r ≈1.6 
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nm, of the monomer lead to greater uncertainty in the elastic (Young’s) modulus, 

E, of a single collagen fiber from a theoretical perspective. This causes difficulty in 

developing accurate theoretical models for the mechanical properties of collagen from 

the molecular level up. The average value found from many methods is E ≈ 4.8±2.0 

GPa [39]. 

The structural properties of collagen microfibrils and fibrils, however, are well 

understood. The structure has been extensively studied with crystallographic x-

ray fiber diffraction experiments [47]. The microfibril is composed of five staggered 

collagen molecules, so that it has a width of <5 nm. Microfibrils are bundled to 

form a fibril which may have a diameter of 100-500 nm and length ranging up to 

millimeters. The staggered structure is believed to be the source of the character

istic banding pattern that has been observed in fibrils with a D-period of 67 nm. 

The mechanical properties of a microfibril depend strongly on whether or not it is 

hydrated. An average from many measurements places the Young’s modulus of hy

drated microfibrils around E ≈ 0.6 ± 0.2 GPa at small strain, while E ≈ 3.2 GPa for 

dehydrated microfibrils [39]. Fibrils are also anisotropic, with a shear modulus for 

hydrated collagen of G ≈ 33±2 MPa, as measured with atomic force microscopy [48]. 

These numbers vary significantly depending on the type of measurement, and the 

shear modulus has been measured to change if the fibers are cross-linked to 3.4 ± 0.2 

MPa. Recent measurements have listed the Young’s modulus as 32 MPa [49], 550 

MPa [50], 200-500 MPa [48], 5 GPa [51], and most recently, 16-33 MPa [52] depending 

on the length of the fibril. 

The fiber is the largest component in the hierarchical collagen network structure. 
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Fibers have a large distribution of widths and lengths depending on how many fibrils 

they are made of and may be up to 10 µm wide and millimeters long. The structure 

of collagen networks depends on the initial growth conditions such as temperature 

and concentration. Gels grown at high temperature may be composed of short single 

fibrils that are homogeneously distributed, while gels grown at low temperature form 

thick fiber bundles. The structural and mechanical properties of collagen gels have 

been studied with bulk rheometetry, microscopy, and microrheometry [53–55], but 

these methods cannot probe the microstructure at the cellular scale (≈10 µm). 

Optical tweezers can be used to probe this microstructure. Two common methods 

to apply optical tweezers to study the mechanics of fluid, viscoelastic, and elastic 

media are active and passive rheology. In a passive system, thermal fluctuations of a 

particle’s position are measured to nanometer precision while the particle is held in 

a stationary optical trap. Frequency analysis of the particle’s displacement provides 

information on the viscoelastic properties of the medium around the particle. This 

method is typically used to study fluids where the viscosity is of interest and has been 

applied to study the gellation and growth of collagen networks [56]. Low frequency 

elastic deformations, such as those exerted by cells, cannot be fully characterized 

with passive techniques. Instead, we use a type of active optical tweezers to probe 

the network with forces that are the same magnitude as those exerted by cells. 

In active optical tweezers, the optical trap is used to displace a particle from 

its equilibrium position in a medium. The applied force is either a sinusoidal input 

force or a transient step response, and may be used to study elastic deformations 

or nonlinear elasticity with larger deformations. If the trap generates a sinusoidal 
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input force, the phase lag between the position of the trap and the position of the
 

particle determines the ratio between the loss and storage moduli [57]. This works 

well in media where the particle’s motion is along the same direction as the trap, but 

in collagen there is an off-axis component to the response. We apply the trapping 

force as a step function and detect the location of the particle’s new equilibrium 

relative to its initial position to determine the local compliance, anisotropy, and 

off-axis component, as discussed in Chapter 5. 
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Collagen Network

Collagen fiber
length ≈ mm
diameter ≈ 10 μm

Collagen fibril
length ≈ μm
diameter ≈ 100 nm

Collagen molecule
length ≈ 300 nm
diameter ≈ 1.6 nm

Amino acids
covalent bond ≈ 1 Å 

50 μm

Figure 2.9: The hierarchical composition of collagen from amino acids to the fiber 
networks that comprise tissues. Adapted from Refs. [39] and [40]. 
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Chapter 3: Generalized Optimization Method for the Diffraction
 

Efficiency of a Spatial Light Modulator
 

3.1 Introduction 

This chapter presents research to optimize the diffraction efficiency of spatial light 

modulators (SLMs) for holographic optical tweezers. It has previously been published 

in Optics Letters and in the SPIE Conference Proceedings, and presented at SPIE 

Photonics + Optics 2013, the 2013 OSA Optics and Photonics Congress and the 

2012 NW APS Section Meeting [58–61]. 

SLMs are commonly applied as diffractive optical elements (DOEs) in optical 

systems to achieve femtosecond pulse shaping [62], holographic optical tweezers [2], 

wave-front correction [63], high resolution microscopy [64], and a variety of other 

applications. In particular, optical tweezer trapping has greatly benefited from the 

advent of phase-mostly and phase-only liquid crystal display (LCD) SLMs to write 

holograms that produce multiple traps that can be reconfigured at video frame rates 

[65–68]. 

LCD SLMs are composed of molecules that rotate upon the application of an 

electric field, allowing for control of the optical path length through the device. The 

digital SLMs we study here respond to an 8-bit input video signal that controls the 

voltage across each pixel so that each bit applies an added phase shift to light that 

is transmitted through the display. The utility of SLMs depends on their diffraction 
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efficiency, which is impacted by effects such as pixel size, quantization, amplitude 

modulation, polarization, nonlinear phase modulation, and phase modulation less 

than 2π. This chapter provides an analysis of a few of these, and the last two 

of these effects are addressed with a general method for optimizing the diffraction 

efficiency of a SLM on a pixel-by-pixel basis, which generates a gray-scale look-up 

table (LUT) to be used for any hologram. Some SLM manufacturers provide a LUT 

that compensates for the phase nonlinearity so that the displayed DOE is linear by 

mapping the desired input gray level (gin) to an adjusted output gray level (gout); 

however, such a LUT is only appropriate at the manufacturer’s designated wavelength 

and is not guaranteed to optimize the device. Because the phase response of a SLM 

is dependent on wavelength, further optimization is necessary to ensure ideal phase 

response at other wavelengths. A different method for optimizing the diffraction 

efficiency was recently demonstrated that addressed the limited phase depth of SLMs, 

but it did not address the nonlinearity and it used a global adjustment rather than 

a pixel level one to generate a linear LUT [69]. 

An improved LUT for a device can also be determined by measuring the phase 

response with an interferometer [70–72]. This method is accomplished by splitting 

the laser input to the SLM into two beams that are applied to separate halves of the 

SLM display. One half is fixed at a constant gray value while the other assumes each 

available gray value sequentially. The beams are then made to interfere, producing 

the interference pattern shown in Fig. 3.1(a). The spatial shift of the pattern is 

recorded for each gray value to produce an image like the one shown in Fig. 3.1(b). 

This method can achieve an accurate measurement of the phase response, but suffers 
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from noise due to air turbulence, vibration, and the temporal phase fluctuation 

discussed in Section 5.5, making it difficult to obtain. Once the phase response is 

measured, the ideal LUT must be calculated by finding the inverse of the phase 

response and re-scaling the data from phase modulation to gray values. Instead, we 

generate the ideal LUT directly using a robust diffraction method based on intensity 

measurements. 

Figure 3.1: The fringe pattern generated after sequentially increasing the gray value 
applied to one half of the SLM while holding the other half at a constant value 
to measure the phase response. Each horizontal line in the image is a slice from 
the fringe pattern from a subsequent gray value. The SLM response is found by 
measuring the spatial shift of the fringes. 

3.1.1 Phase error in diffraction efficiency 

The physical basis of this new method can be understood through a simple approxi

mation in the Fourier transform description of diffraction theory, whereby a coherent 

wave-front transmitted through (or reflected from) the SLM generates the Fourier 

transform of the spatial phase and amplitude of the SLM in the plane conjugate 

to the device. For a phase-mostly or phase-only SLM, we neglect the amplitude 
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modulation so that the transmission amplitude of the SLM is 

iφ(x)t (x) = e . (3.1) 

For a periodic DOE with a period 2π/k, the amplitude of the first-order diffracted 

beam is given by the Fourier coefficient 

2π 
kk
 −ikxdx.t (x) e (3.2)a1 = 

2π 0 

The simplest DOE to consider is a one-dimensional blazed phase grating with 

φ(x) = kx over each unit cell of the periodic DOE or hologram. The extension to a 

two-dimensional case is straightforward. For an ideal SLM, the phase shift is linear 

and covers the range 0 − 2π in each unit cell, yielding a diffraction efficiency of unity 

in the first-order. This ideal case emulates the phase shift applied to light traveling 

through a prism. For a realistic SLM, a nonlinear or reduced phase shift limits the 

efficiency, and some light is diffracted into other orders. We write the general SLM 

response as 

ikx+iΔφ(x)t (x) = e , (3.3) 

where Δφ (x) is the phase difference or error from the ideal case. The amplitude of 

the first-order diffracted beam from the device in this general case is 

π2

a1 = e 
π 
k 
2

k
 kikx+iΔφ(x) −ikxdx =e 
k 

e
 iΔφ(x)dx. (3.4)
2π 2π0 0 

In the small phase error limit, the diffraction amplitude becomes (to second order in
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Δφ) 

  
2π 
k
 1
k∼= Δφ2 (x)1 + iΔφ (x) −
 dx
a1 
2π
 2
0

2π 
k 

2π 
kk
 1 k
∼= 1 + i Δφ2 (x) dxΔφ (x) dx −
 (3.5)


2π
 2 2π
0 0 

1   ∼= 1 + i Δφ (x) − Δφ2 (x) ,
2

where the averages are over one unit cell of the periodic hologram. The efficiency 

into the first-order beam is 

η1 = |a1|2 ∼ Δφ (x) 2  
Δφ2 (x)

 
(3.6)= 1 + −

∼= 1 − σ2 (3.7)Δφ. 

Hence, the diffraction efficiency is reduced by the variance of the phase error (σ2 ).Δφ

The addition of an overall constant phase to the SLM response does not alter the 

efficiency, so the average phase error, Δφ (x) , may be taken to be zero and the 

variance of the phase error is the mean square phase error, yielding 

  ∼ Δφ2 (x)η1 = 1 − . (3.8) 

This simple expression agrees with more detailed calculations in a variety of cases. 

The following section provides some insight into three such cases that are applicable 

to most SLMs. 
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3.1.2 Quantization, limited phase response, and phase saturation 

As previously discussed, issues such as quantization and limited phase response re

duce the diffraction efficiency of SLMs. Quantization error is introduced by the 

digital nature of SLMs and is reduced for SLMs with high bit depths, providing 

better resolution of the applied phase. The limit of the phase response of a SLM 

depends on the index of refraction of the material comprising the LCD. The reduced 

efficiency can be calculated analytically for each of these effects, as well as the sit

uation where the phase response is saturated to compensate for the limited phase 

depth. Here we compare the approximation of Eq. 3.8 to the exact efficiency for 

each of these examples. 

If the phase is quantized into Z equally spaced levels over the range 0 − 2π, as 

shown in Fig. 3.2(a), then the first-order diffraction efficiency is [73]: 

sin (π/Z) 2 
∼ π2 

η1 = = 1 − , (3.9)
π/Z 3Z2 

where the approximation is to second-order for large Z (i.e. small phase error). The 

variance of the phase error in this case is 

π2 

σ2 = Δφ2 (x) = . (3.10)Δφ 3Z2 

Using the approximate efficiency of Eq. 3.8 yields 

π2 
∼η1 = 1 − . (3.11)

3Z2 
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Figure 3.2: (a) One unit cell of the quantized phase of a SLM (solid), showing the 
ideal linear phase (dashed) and the phase error (shaded). From Eq. (3.9), for a 
device with eight available phase levels the diffraction efficiency is 95%, seen in (b), 
which shows η1 (solid) and 1 − σ2 (dashed).Δφ 

This agrees with the the exact efficiency in Eq. (3.9) to the same order of approxi

mation and is within 7% of the exact efficiency for Z ≥ 3, as shown in Fig. 3.2(b). 

Alternatively, reduction in efficiency can arise if the device phase is assumed to 

be continuous, but is limited to a maximum phase shift less than 2π. This situation 

is pictured for φmax = 1.4π in Fig. 3.3(a). In this case the first-order diffraction 

efficiency can be calculated analytically for any φmax [74]: 

sin [π − φmax/2] 
2 
∼ π2 φmax 

2 

η1 = = 1 − 1 − , (3.12)
π − φmax/2 3 2π 

where the approximation is to second order in the small parameter (2π − φmax). The 

variance of the phase error is 

π2 2
φmax

σ2 = Δφ2 (x) = 1 − . (3.13)Δφ 3 2π 
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Using the approximate efficiency of Eq. (3.8) gives
 

π2 2
φmax∼η1 = 1 − 1 − , (3.14)

3 2π 

which is equivalent to the second-order approximation to the exact result in Eq. 

(3.12). This approximation is pictured in Fig. 3.3(b), and is within 5% of the exact 

result for the chosen phase depth of φmax = 1.4π, which yields σ2 = 0.296.Δφ 

It has been shown that the efficiency of a phase-limited SLM can be optimized by 

saturating the phase response, as shown in Fig. 3.3(c) [74]. The first-order diffraction 

efficiency in this case is 

η1 =


    
     
2 
π2 3

φmaxφmax sin (φmax/2) ∼= 1 − 1 −
+
 ,
 (3.15)

2π π
 3 2π
 

which is shown in Fig. 3.3(d) and is significantly larger than the efficiency of the 

unsaturated case shown in Fig. 3.3(b). The only contributions to the phase variance 

come from the saturated sections, yielding 

π2 3
φmax

σ2 
Δφ = Δφ2 (x) = 1 − . (3.16)

3 2π 

Using the approximate efficiency in Eq. (3.8) yields 

π2 3
φmax∼η1 = 1 − 1 − , (3.17)

3 2π 

which agrees with the approximation to the exact result of Eq. (3.15), and is within 

1% of the exact value for φmax = 1.4π where σ2 = 0.089. Comparison of Eqs. (3.14) Δφ 
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and (3.17) makes it clear that the increased efficiency of the saturated phase case
 

can be explained by its reduced phase error.
 

Figure 3.3: Phase error of phase-limited SLMs. (a) Two unit cells of a device with 
φmax = 1.4π (solid), compared to the ideal phase (dashed). The shaded phase error 
with respect to the ideal response reduces the diffraction efficiency η1 (solid), shown 
in (b) as a function of φmax compared to 1−σ2 (dashed). In (c), the phase response Δφ 

is saturated to minimize the phase error. In this case the efficiency (d) is increased 
from (b) for the same value of φmax. 

3.2 Pixel-by-pixel algorithm 

To see how the idea of phase error minimization can be used to increase the diffrac

tion efficiency, consider a device with N pixels or rows of pixels. In this case the 



 

39 

approximate efficiency of Eq. (3.8) yields 

N 
Δφ2 

∼ iη1 = 1 − . (3.18)
N 

i=1 

Each pixel or row i contributes independently to the efficiency. This suggests an 

algorithm to maximize the efficiency by adjusting the phase encoding of the SLM on 

a pixel-by-pixel basis to minimize the phase error variance σ2 This algorithm is Δφ. 

depicted schematically in Fig. 3.4 through a numerical simulation. For the purpose 

of this simulation, we model the nonlinear, reduced phase shift φSLM (g) of the SLM 

with a sigmoid function 
φmax

φSLM (g) = (3.19)
1 + e−γ(g−128) 

shown in Fig. 3.4(a), where φmax is the maximum achievable phase shift, γ defines 

the curvature of the function, and g is the gray value of the 8-bit video signal that 

is sent to the SLM. 

In practice, our algorithm adjusts the SLM phase by changes to the LUT that 

maps the input gray level gin from the computer to an output level gout that is directed 

to the SLM. The final result of the algorithm is an optimized LUT, gout = f (gin). 

To illustrate the method, we assume that a simple identity LUT gout = gin, shown 

in Fig. 3.4(b), is used initially, but this assumption does not impact the result. 

With the identity LUT in place, a one-dimensional blazed phase grating is input 

to the SLM, utilizing the full gray-scale (0-255) over each unit cell of the periodic 

hologram. In the ideal case, this would produce 100% diffraction efficiency in the 

first-order, but for our chosen parameters it produces about 76% efficiency due to the 
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Figure 3.4: Schematic of SLM optimization algorithm: (a) simulated nonlinear SLM 
response to input gray values with reduced phase shift φmax = 1.4π and γ = 0.05, (b) 
initial identity LUT showing three example gray values that are varied (60, dotted; 
128, dashed; and 225, dot-dashed), (c) resultant diffraction efficiency curves for the 
three example input gray values, and (d) optimized LUT (black) compared to the 
identity LUT (gray). 

phase error shown in the inset of Fig. 3.5. We then alter the phase shift of a single 

pixel in the unit cell of the grating by choosing one particular input gray level of the 

LUT and varying the output gray level (just for that single input value) over the 

full 8-bit range. We measure the first-order diffraction efficiency of the SLM as the 

output gray level is varied. The resultant efficiency curves are shown in Fig. 3.4(c) 

for three particular choices of the input gray value (60, 128, 225). For these single 

pixel changes, the efficiency varies by about 1.5% over the range of the gray-scale 

changes, with the peak or optimal value shifted in general from the chosen input 
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Figure 3.5: One unit cell of the linearized, phase saturated output of the SLM after 
employing the optimized LUT for the case φmax = 1.4π. The inset shows the phase 
obtained using the identity LUT. In both cases, the phase error is shown as shaded. 

value. For example, the optimal output values for the three input values chosen in 

Fig. 3.4 are 88, 128, and 255. In the vicinity of the optimal gray level, the efficiency 

exhibits a quadratic dependence, as expected from Eqs. (3.7) and (3.18). 

This measurement is repeated sequentially for each of the possible input gray 

values. The output gray values that maximize the efficiency are collected to create 

the optimized LUT shown in Fig. 3.4(d). This LUT exhibits the nonlinearity required 

to produce a linear phase grating and the saturated phase encoding that is known 

to maximize the diffraction efficiency of phase limited SLMs [69, 74]. One unit cell 

of the resultant, optimized phase shift is shown in Fig 3.5. Once the optimized LUT 

for all gray values is implemented, the efficiency increases to 92%, which is consistent 

with the efficiency of a device with saturated, phase-limited response given by Eq. 

(3.15) [74]. 
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3.3 Experimental Methods
 

laser

beam expander

SLM
Fourier

lens
Imaging

lens

detector

blazed
grating

polarizers

Figure 3.6: Experiment to measure first-order diffracted power. The input and 
output polarization states are selected to achieve phase-mostly modulation. An 
aperture passes the first order diffraction for detection while blocking other orders. 

We have applied this optimization method to two different SLMs at multiple 

laser wavelengths: a Holoeye LC-R 2500 at 532 nm and 1064 nm and a Cambridge 

Correlators SDE 1024 at 658 nm. The experimental configuration is shown in Fig. 

3.6. With the identity LUT in place, a linear blazed grating is displayed on the SLM 

using a LabVIEW interface [37]. The diffracted orders are focused in the Fourier 

plane and then re-imaged in the detector plane, where an aperture isolates the first-

order beam and a Si detector measures the incident power. We employ two strategies 

to improve the signal-to-noise ratio of the measured power. To increase the signal, 

we group several adjacent input gray levels together and simultaneously vary their 

output gray levels so that the efficiency varies by about 10% rather than the expected 

1.5% from Section 3.2. This approach also solves the problem that some input gray 

levels are not used in a hologram if the unit cell does not contain all 256 pixels. We 
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typically use a hologram with 10-20 unit cells, corresponding to 50-100 pixel rows 

per unit cell on the Holoeye SLM (resolution 1024 x 768), which provides sufficient 

separation of diffraction orders and minimal phase quantization error. 

Figure 3.7: a) Noise from temporal phase fluctuations measured in the normalized 
intensity of the reference beam for a few gray levels applied to the SLM, normalized 
to a common maximum. The polarization of the reference beam is set to maximize 
the noise contrast. 

The major source of noise in our measurement is the temporal phase fluctua

tion caused by the pulse modulation used to address the SLM [75]. The 120 Hz 

fluctuation, which can modulate as much as 30% of the amplitude of incident light, 

depends on both the laser polarization and the gray level applied to the SLM. To 

reduce this noise, we direct a separate reference laser beam at one isolated corner 

region of the SLM upon which we write a constant phase that exhibits noise with 

maximum contrast, such as that corresponding to g = 110 in Fig. 3.7. The tempo

ral phase fluctuation is detected in the reference beam and used to synchronize our 

diffraction measurements. 
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Figure 3.8: (a) Phase and (b) normalized amplitude modulation of the Holoeye SLM 
measured at 1064 nm after experimentally reducing the amplitude modulation by 
choosing input and output polarization states. The phase response is limited to 
about 1.6π. 

3.3.1 SLM polarization response 

In practice it is difficult to achieve diffraction efficiency that approaches the the

oretical limit due to amplitude modulation and specular reflection. The specular 

reflection can be minimized by polarizing the input and choosing an orthogonal po

larization at the output, but the overall phase modulation may be reduced or the 

amplitude modulation may be increased at these settings. The full polarization re

sponse of a SLM can be completely characterized with its Jones matrix as a function 

of the applied gray value as in Ref. [76]. This polarization optimization is compu

tationally expensive, because the solution depends on the 8-bit gray value, and the 

angles of two linear polarizers and quarter-wave plates that act as a polarization 

state generator (PSG) and a polarization state detector (PSD). 

In order for our experiment to most closely reflect the phase-only condition as

sumed in Section 3.1.1 and reduce specular reflection, we have adjusted the input 

and output polarizations of the laser beam to reduce the amplitude modulation of 
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the SLM. Using a two-beam interferometer as in Ref. [72], we measured the phase
 

(see Fig. 3.1) and amplitude modulation of the SLM for a range of polarizations. 

The results shown in Fig. 3.8 correspond to the polarization parameters for the 

Holoeye SLM at 1064 nm that reduced the amplitude modulation to less than 15% 

of the signal and reduced the specular reflection. It is possible to achieve larger phase 

modulation, but at the expense of increased amplitude modulation. 

3.4 Results 

Some representative measurements of the first-order diffracted power are shown in 

Fig. 3.9(a), in analogy with Fig. 3.4(c) of the simulation. These measurements were 

taken with the Holoeye LC-R 2500 SLM at 1064 nm, which is outside the wavelength 

range where 2π phase modulation is possible. The power measurements shown in Fig. 

3.9(a) have been normalized to a common maximum measured diffraction power. 

Figure 3.9: (a) Measured diffracted power as a function of output gray level for three 
choices of input gray level, with the parabolic fit for each data set. (b) Optimized 
SLM gray level LUT for 1064 nm showing nonlinearity and saturated phase encoding. 
The width of the function indicates a phase response of approximately 1.6π, which 
agrees with the interferometrically measured phase response of Fig. 3.8(a). 
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Figure 3.10: (a) Optimized LUT for the Holoeye SLM at 532 nm, where the efficiency 
is increased by reducing the total phase shift to 2π. (b) The LUT for the Cambridge 
Correlators SLM exhibits more noise because the measurements were not triggered 
as they were for the Holoeye SLM. When smoothed and implemented, the generated 
LUT still gives a satisfactory increase in efficiency. 

The power for each input gray level is fit to a parabola in a limited region near the 

maximum to find the optimal output gray level. The collection of optimal output 

gray levels comprises the LUT shown in Fig. 3.9(b). The full measurement of the 

LUT takes about 30 minutes, limited by the hologram frame rate. 

As expected, the optimized LUT exhibits nonlinearity and saturated phase en

coding because the SLM does not produce 2π phase shift at 1064 nm. Fig. 3.10(a) 

shows the optimized LUT derived from the measurements at 532 nm, showing that 

this method also adapts to the case where the SLM produces more than 2π phase 

shift. In practice, we smooth the LUT further before implementation. We calculate 

the relative efficiency η1r for an applied LUT, which is linearly proportional to η1, 

P+1
η1r = , (3.20)

P+1 + P0 + P−1 

where Pi is the power in each respective diffraction order. The higher order beams 
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contain negligible power. At 1064 nm, by applying the optimized LUT instead of a 

linear one, the relative efficiency of the Holoeye SLM increased from 42% to 47%. 

Using the optimized LUT for 532 nm where the phase response is greater than 2π, 

the relative efficiency increased from 57% to 98%. We obtained similar results for 

the SDE 1024 SLM (Fig. 3.10(b)), with the relative efficiency increasing from 17% 

to 39%. In all three cases, the results were equal to or better than the method 

of Ref. [69], which is to be expected because our method has more parameters (all 

pixels) available for adjustment. 

3.5 Conclusions 

In summary, we have presented a generally applicable method to maximize the 

diffraction efficiency of a SLM by reducing the phase error of a blazed phase grating 

on a pixel-by-pixel basis. This method does not require interference measurements 

and is applicable for any polarization state or wavelength without prior knowledge 

of the SLM’s exact phase or amplitude response. Our routine finds the gray value 

that produces the maximum power in the first-order spot location and generates a 

LUT that corrects for nonlinear and reduced phase response. 
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Chapter 4: Multiplexed Spectroscopy with Holographic Optical
 

Tweezers
 

4.1 Introduction 

The study of microscopic systems requires precision tool sets to obtain information 

regarding the physical and chemical properties of interest. The work presented in 

this chapter combines the versatility of micromanipulation provided by holographic 

optical tweezers with the multiplexed detection sensitivity of fluorescent nanosensors 

detected with an imaging spectrometer. It has been published in SPIE Conference 

Proceedings, and presented at SPIE Photonics + Optics 2014 and the 2011 and 2014 

NW APS Section Meetings [77–79]. 

Nanosensors are generally applied to measure one property of their local environ

ment, and can be designed specifically for each application. Many such nanosensors 

are detected using fluorescence microscopy, in which fluorescent particles are excited 

by high energy photons and the fluorescence emission spectra are collected. Changes 

in the environmental attribute that the nanosensors are designed to measure will 

produce corresponding changes in the fluorescence spectra. 

Previously, we have worked with ion sensitive fluorophores that respond to changes 

in pH with changes in the relative intensity of two spectral peaks [80, 81]. Recent 

work has shown the potential application of CdSe quantum dot nanosensors as ther

mometers due to related changes in their spectral intensity, width, and peak position. 
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The wavelength of the spectral peak shifts at a rate of 0.1 nm/◦C due to temperature-

dependent reduction of the semiconductor’s band-gap [18,82,83]. Quantum dots are 

attractive to use as nanosensors because they exhibit certain advantages over tradi

tional fluorophores such as minimal photobleaching, broad absorption, and narrow, 

high intensity emission spectra [84]. As with many nanosensors, quantum dots can 

be attached to microspheres, which have been manipulated with optical tweezers 

since the first demonstrations by Ashkin [85]. 

4.2 Instrument Design 

Our instrument employs holographic optical tweezers and an imaging spectrometer to 

enable multiplexed fluorescence detection of multiple sensors. Multiple microspheres 

are manipulated holographically using a spatial light modulator (SLM), which im

parts phase changes on the trapping beam in order to produce multiple focused 

spots at the focus of the microscope [2,63,65]. Holographic optical tweezers enables 

computer controlled three-dimensional placement of traps near the focus of the ob

jective so that sensor particles can be positioned into the relevant regions of the 

sample. The imaging spectrometer enables simultaneous detection of the sensors’ 

fluorescence spectra. This system enables multiplexed measurements of the local 

environment on the microscopic scale. 

The optical path of the system is shown in Fig. 4.1. The trapping laser is a 3W, 

1064 nm laser to provide sufficient power to trap tens of particles. This wavelength is 

ideal for work with biological samples that have minimal absorption in the infrared 
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Figure 4.1: Diagram of the optical system design for multiplexed optical tweezers. 
Lenses L1 and L2 expand the beam to overfill the active area of the SLM while L3 
and L4 image the SLM to fill the objective’s aperture. DM2 reflects the 532 nm 
excitation laser into the objective, while DM1 reflects the 1064 nm trapping laser 
and transmits at 532 nm. The high pass and low pass filters reflect the laser light 
and transmit wavelengths in between. 

spectrum to avoid damaging the sample. The linearly polarized beam passes through 

a polarization state generator composed of a half-wave plate and quarter-wave plate 

to provide the optimal polarization for phase-modulated holography. 

The trapping beam is expanded with a telescope to slightly overfill the active 

area of the SLM (Holoeye LC-R 2500, 19.5 mm x 14.6 mm). Holograms displayed 

on the SLM are calculated in a LabVIEW program based on the ‘Blue Tweezers’ 

program that enables spot positioning via mouse control [37, 86]. The gray values 

that comprise the holograms are re-scaled to maximize the diffraction efficiency of 

the SLM with respect to the SLM’s limited and nonlinear phase response at 1064 nm 

as discussed in Section 3. The beam is reflected off the display at a minimal angle of 

incidence and passed through a telescope that images the hologram at the entrance 
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to the microscope objective and fills the rear aperture. The Fourier transform of 

the hologram is located both between L3 and L4, and at the focus of the objective. 

Access to the Fourier transform before the microscope enables the introduction of a 

stop to block the specular reflection from the SLM. 

The microscope is an Olympus IX-71 inverted microscope equipped with a 100X, 

1.40 NA Olympus UPLSAPO objective. The trapping laser enters through a 45 

degree dichroic mirror (DM1). The wide field excitation source is a 532 nm laser 

that enters the microscope through a 45 degree dichroic mirror (DM2). A 532 nm 

high pass filter and a 1064 nm low pass filter remove any light from the trapping and 

excitation beams that is reflected from the sample to the spectrometer. 

The fluorescent light from the sample is input to an imaging spectrometer (Horiba 

iHr-320) with a 1024 x 256 pixel CCD detector (Horiba Synapse). The entrance slit 

is adjustable from 10 µm to 7 mm. The spectrometer’s diffraction grating can be 

rotated to operate in image mode by passing the zeroth-order reflected light to the 

CCD or to operate in spectral mode by passing the first-order diffracted light. 

4.3 Instrument Calibration 

Alignment of the imaging spectrometer relative to the optical system and calibration 

of the spectrometer is critical to detect spectra accurately. To this end, we have 

performed tests to calibrate the spectrometer’s response beyond the manufacturer’s 

initial wavelength calibration and determine the optimal settings for our experiments. 

This section will discuss tests on the spectral dependence on the size of the entrance 
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Figure 4.2: Particles trapped and aligned to the center of the spectrometer to test the 
dependence of the sample spectra on the entrance slit. Left: An image with bright 
field illumination of the sample and fluorescence from the microscope’s additional 
CCD camera. Middle: Fluorescence image of the particles as viewed on the spec
trometer with the entrance slit open and the grating at 0 nm. Right: Fluorescence 
image on the spectrometer with the entrance slit minimized. 

slit of the source. These tests were performed using a 532 nm wide field laser light 

source to excite 1 µm diameter fluorescent microspheres with absorption and emission 

peaks at 625 nm and 655 nm. 

The entrance slit to the spectrometer was tested by trapping seven particles 

and aligning their position in the sample to the center of the spectrometer so that 

they were visible when the entrance slit was minimized, as in Fig. 4.2. With these 

particles in position the grating was turned to center the CCD on 655 nm to observe 

the fluorescence spectra. Fig. 4.3a shows the intensity measured along the first and 

last column of the CCD. Although many of the spectra appear to be on the same row, 

some deviation is apparent for the spectra located around pixel 170 and pixel 225. 
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Figure 4.3: a) The spectral intensity from the seven trapped particles of Fig. 4.2 
along the first (blue) and last (red) columns of pixels on the CCD. Each distinct peak 
is from the spectrum of a single particle. b) The row corresponding to the intensity 
peak for particles positioned near pixel rows 225 and 23 is measured for each column 
of pixels on the CCD. Near row 225 the smile distorts the spectrum across nearly 
two rows of pixels, while the spectrum near row 23 suffers very little distortion. 

This is related to any misalignment between the CCD chip and the spectrometer, 

and the smile, which is the curvature of a spectral line measured by an imaging 

spectrometer [87]. Fig. 4.3b shows the smile of the particles located near pixel 225 

and pixel 25. Both of these problems may distort the apparent location of spectral 

peaks on the spectrometer, and are corrected on near point sources by tracking the 

peak spectral intensity in each column of the CCD across the spectrum. 

Fig. 4.4 shows the peak spectral intensity as a function of the slit size, which was 

used to determine the optimal slit width to measure particles that are aligned on the 

slit. While the slit obscures the image of the particles, the spectral intensity increases 

sharply. After the entrance slit is greater than the image of the particle there is still 

a slight increase in intensity with slit size due to the nonzero background. 
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Figure 4.4: Spectral intensity as a function of the width of the entrance slit to the 
spectrometer for seven particles at different positions (multi-colored). Beyond the 
knee around 1 mm, where the slit has opened beyond the size of the particle’s image, 
the slow increase in intensity (black) shown in the inset is due only to increased 
background intensity (red). 

4.4 Experiment 

We use Qdot 655 Streptavidin Conjugate (Molecular Probes) as a fluorescent temper

ature nanosensor. Streptavidin molecules are attached by the supplier to the surface 

of the CdSe quantum dots to enable binding with biotin molecules. To make sen

sors that can be optically trapped, we attached the quantum dots to biotin labeled 

polystyrene microspheres (ProActiveR Protein Coated Microspheres, Bangs Labs, 

and FluoSpheresR Biotin-Labeled Microspheres, non-fluorescent, Molecular Probes) 

by incubating a mixture of 85% 1X PBS, 0.1% solid microspheres, and 5% quantum 

dots at room temperature for a minimum of one hour. This mixture was further 

diluted to a concentration of 10% in 1X PBS before use. We studied the tempera

ture dependence of the quantum dot fluorescence on 1-µm diameter particles and on 

9.78-µm diameter particles. 
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An Ibidi temperature controller and heating plate held samples for temperature
 

measurements. Measurements were taken fifteen minutes after changing the temper

ature of the device to allow the system to reach equilibrium. The temperature was 

measured with an Ibidi thermocouple that was placed on the microscope slide near 

the sample. 

To calibrate the temperature dependence of the quantum dots, we made a sample 

by placing a droplet of quantum dots on a cover slip and allowing the sample to 

dry. Quantum dot fluorescence covered the full area of the entrance slit that was 

minimized for the measurements. The fluorescence emission peak from the quantum 

dots was fit to a Gaussian for spectral analysis. The center of the emission peak, 

shown in Fig. 4.5, shifted at a rate of 0.11 nm/◦C between 23.9 ◦C and 36.4 ◦C, in 

good agreement with previous results [18, 82,83]. 

Figure 4.5: Measurement of fluorescence from CdSe quantum dots coated on a micro
scope slide. Left: normalized and offset emission from quantum dots at 36.4 ◦C and 
23.9 ◦C. Dashed vertical lines mark the spectral peaks. Right: the center wavelength 
shifted linearly at 0.11 nm/◦C as the temperature was increased by 12.5 ◦C. 

To demonstrate the capabilities of our system, multiple 1-µm quantum dot coated 
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particles were trapped and held in place within the sample during temperature mea

surements over the course of a few hours. We have trapped up to thirteen 1-µm 

particles with the laser operating at 80% of the laser’s maximum power. Fig. 4.6 

shows the results of six trapped particles. The particles were displaced so that the 

fluorescence spectra would be separated vertically on the CCD. For these measure

ments, the spectrometer’s entrance slit is open, such that each particle acts as an 

effective slit for the spectrum corresponding to that particle. The spectrum of each 

particle is found by binning rows of pixels within one standard deviation of the parti

cle’s vertical location. Because each particle also has a different horizontal location, 

we shift each spectrum using the particle’s horizontal pixel location from the image. 

For the six particles shown in Fig. 4.6, each spectrum was fit to a Gaussian to 

determine the location of the spectral peak. We recorded spectra for temperatures 

from 23.3 ◦C to 36.0 ◦C. Over this range, the particles’ spectra shifted at rates 

between -0.5 nm/◦C to -0.7 nm/◦C. This is both larger in magnitude and of the 

opposite sign compared to the calibration data in Fig. 4.5. To investigate this 

discrepancy further, we studied larger particles. 

Data from a single trapped 9.78-µm particle with attached quantum dots are 

shown in Figs. 4.7 and 4.8. With particles of this size, it is common to observe Mie 

resonances or whispering gallery modes [20]. The spectrum of this particle with the 

slit open is shown in Fig. 4.7, where the Mie resonances are clearly evident. The 

spectrum displays the standard TE/TM doublet structure and the typical whispering 

gallery enhancement at the edge of the particle. To achieve better spectral resolution, 

we reduce the size of the slit, which also reveals a spectrum at the center of the 
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Figure 4.6: Measurement of fluorescence from CdSe quantum dots attached to 1-µm 
diameter polystyrene particles. Top Left: image of six trapped, fluorescent particles 
viewed on the CCD. Top Right: spectra of all six trapped particles viewed on the 
CCD before binning. Bottom Left: normalized and offset spectra at 23.3 ◦C and 
36.0 ◦C, vertical lines showing the location of the fitted spectral peaks at 657 nm 
and 648 nm. Bottom Right: shift of the two brightest particles’ spectral peaks as a 
function of temperature. 

particle without the sharp Mie resonances. We found the free spectral range of the 

TE/TM mode pairs to be 9.3 ± 0.5 nm in the range of quantum dots’ fluorescence, 

in agreement with the expected free spectral range for Mie resonances of a 9.78-µm 

polystyrene sphere in water, Δλ = 8.8 nm at 645 nm. 

We measured the temperature dependence of this spectrum, shown in Fig. 4.8. 

The broad fluorescence peak, measured at the center without the resonances, shifted 
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Figure 4.7: Top: spectrum from a single trapped, 9.78-µm particle coated with 
quantum dots, taken with the slit open. Bottom: spectrum of the same particle 
taken with the slit minimized to focus on a line vertically crossing the center of the 
particle. The resonant peaks are strongest at the edges of the particle. 

non-linearly at a similar rate to the 1-µm particles, -0.5 nm/◦C. The temperature 

dependence of the Mie resonances, shown in Fig. 4.8, was dλ/dT = -0.023 ± 0.007 

nm/◦C. This is comparable to what we expect. Changes in temperature affect both 

the radius and the index of refraction so that the spectral locations of the resonances 

shift with respect to temperature at a rate [22]: 

1 dλ 1 da 1 dn 1 dn 
= + = α + , (4.1)

λ dT a dT n dT n dT 

where α is the linear expansion coefficient. For polystyrene, at 30 ◦C and 655 nm, 

the expected rate from this formula is dλ/dT = -0.0168 nm/◦C, neglecting the index 

change of the surrounding medium [88]. 

4.5 Conclusions 

The system described here has been used to optically trap multiple sensor particles 

and simultaneously detect the spatially separated fluorescence spectra of all sensors. 

In this work, CdSe quantum dots were used to detect the change in temperature as 
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the entire sample was heated. The spectral peak of the quantum dots shifted with 

increasing temperature at the expected rate. Quantum dots were then attached 

to microspheres so that the nanosensors could be optically trapped, and multiple 

sensor particles were used to independently measure the change in temperature of 

the sample. However, the spectral peak was found to shift in the opposite direction 

when the quantum dots were coated on microspheres. Two key differences exist 

between the experimental conditions under which this effect was observed and the 

conditions for the initial measurement of the spectral shift of the unattached quantum 

dots. While the initial measurement was performed with quantum dots deposited 

on a bare microscope slide with unbound streptavidin molecules, the large spectral 

shift was seen in quantum dots that had streptavidin molecules on the surface of 

the dot bound to biotin. Furthermore, the initial measurement was performed on 

a dry microscope slide while the measurements of coated particles were performed 

in water. Although the temperature dependence of the spectrum has been studied 

previously in polymer matrices [82, 83, 89], the complication of introducing the dots 

into a liquid environment with a different index of refraction may alter the spectral 

properties of the quantum dots. 

In future work, we plan to set up a thermal gradient across a sample containing 

temperature sensitive particles. The particles will be displaced across the direction 

of the gradient. The spectra will be measured first with the sample held at constant 

temperature, then with the thermal gradient applied to measure the local tempera

ture changes. 
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Figure 4.8: Measurement of fluorescence from CdSe quantum dots attached to 9.78
µm diameter particles with the slit minimized. Top Left: fluorescence spectra taken 
near the center of the particle where the resonance structure is suppressed. Dashed 
lines indicate the location of the spectral peaks. Top Right: fluorescence spectra 
taken from the top edge of the particle, revealing the sharp Mie resonances. Bottom 
Left: temperature dependence of the shift in the peak of the broad spectral distri
bution from the center of the particle. Bottom Right: temperature dependence of 
one Mie resonance in the spectra. Dashed line indicates the fit slope, -0.023 nm/◦C. 
Inset: region of the spectra at 23.4 ◦C (gray) and 36.7 ◦C (black) used to determine 
the temperature dependence of the resonant peak from the top right figure. 
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Chapter 5: Collagen Micromechanics 

This chapter presents research on the mechanical properties of the three-dimensional 

extracellular matrix (ECM) and the effects of cells on the matrix. The work has been 

presented by the author at the 2014 Northwest APS Section Meeting, and is in prepa

ration for publication in the Proceedings of the National Academy of Sciences [90]. 

The author has contributed to the experimental portion of this work by developing 

and calibrating the holographic optical tweezers platform we used to measure the mi

cromechanical properties, and using particle tracking velocimetry to study the strain 

exerted on the matrix by cells. In Dr. Sun’s group at Oregon State University, Chris 

Jones provided samples and contributed equally to micromechanical data acquisition 

and analysis, while Emma Krnacik aided with confocal microscopy. Jingchen Feng 

in Dr. Levine’s group at Rice University developed the computational models. 

5.1 Introduction 

The mechanical properties of the ECM play a central role in developmental biology 

[91], tissue homeostasis and remodeling [92]. Alteration of the ECM elasticity is 

a signature of many diseases such as pulmonary and atrial fibrosis, Ehlers-Danlos 

syndrome, and infantile cortical hyperostosis [93]. The mechanical cues from the 

ECM also strongly correlate with the clinical prognosis of various types of cancers 

[94]. 
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In recent years, many studies have shown that to mimic the physiological condi

tions in vitro, mechanical cues from a truly three-dimensional ECM are necessary [95]. 

Type I collagen gel has gained popularity as arguably the most employed in vitro 

model of a three-dimensional ECM [92]. As the most abundant protein in animal 

tissue, and accounting for 25% of the human whole-body protein content [96], type I 

collagen is the major component of the ECM in skin, tendon and organs. Despite its 

lack of biochemical complexity compared with live tissue, reconstituted type I colla

gen gel has been successfully employed to provide mechanistic insights into processes 

such as morphogenisis [97], wound repair [98] and cell migration [99]. In particular, 

the rheology and especially the rigidity of collagen gel have been shown to tune the 

growth and migratory phenotypes of cancer cells in vitro [100, 101]. 

Structurally, collagen gels are formed by fibrous networks, and typically have pore 

sizes of a few to tens of microns [102–104]. The typical size of the structural discon

tinuity is comparable to the size of cells and is much larger than cell-ECM adhesion 

complexes [105, 106]. It is therefore expected that a cell senses the micromechanical 

properties of its surrounding matrix, rather than the macroscopic rheology of the 

ECM [106, 107]. While many studies have focused on the (nonlinear) bulk rheology 

of empty and cellularized collagen ECM [108–112], the micromechanics of the porous 

biopolymer network is largely unexplored, presumably due to the lack of direct ex

perimental measurements. 

We report direct experimental measurements and computational models on the 

mechanical response of empty and cellularized type I collagen gel of different ar

chitectures. Previously Prof. Sun’s group has demonstrated that as the gelation 
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temperature increases, the resulting collagen gel experiences a phase transition from 

highly heterogeneous long fiber clusters to homogeneously distributed short fiber 

mesh [113]. As we demonstrate, the microscopic architecture strongly affects the 

micromechanics of collagen gel. Furthermore, we study the effects of embedded 

fibroblast cells and breast cancer cells on the micromechanics of collagen fiber net

works. These experimental measurements have led us to develop a computational 

model of realistic biopolymer networks. Our results provide a largely overlooked 

perspective on the studies of three-dimensional cell-ECM mechanical interactions. 

5.2 Holographic Optical Tweezers Calibration 

To measure the micromechanical response of the collagen gel, we apply optical forces 

to 3 µm diameter polystyrene beads embedded in the gel and record the resulting 

motion with holographic video microscopy. We use a computer-controlled spatial 

light modulator to manipulate the laser beam (1064 nm wavelength) and displace 

the optical trap away from the equilibrium position of the embedded particle. We 

turn the optical trap on and off using an external shutter while recording video 

microscopy of the bead’s motion. The beads are illuminated with a partially coherent 

light source at 625 nm, which generates concentric diffraction patterns that allow us 

to track the particle trajectories at high resolution [114, 115]. 

The micromechanical measurements require precise control over the magnitude 

and direction of the applied trapping force. For small trap displacements, the force is 

linearly proportional to the displacement of the trap with respect to the particle. We 
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calculate the force as Ft = kt(xt −x), where kt is the stiffness of the trap, xt is the trap 

position, and x is the particle position. We carry out three calibration experiments, 

one to determine the stiffness of the trap, another to determine the appropriate trap 

displacement, and the final to test the precision of the trap placement. 

The stiffness of the of the trap is determined using the equipartition method 

[116]. We trap a 3 µm particle in water and observe the Brownian motion due 

to thermal fluctuations. A video of the trapped particle is recorded at 60 frames 

per second for approximately 1 minute 30 seconds (≈ 5000 total frames). Fig 5.1A 

shows the Brownian motion of a typical particle. According to the equipartition 

theorem, the thermal energy is equal to the average potential energy of the particle 

with 1
2 kBT for each degree of freedom in the motion. Treating the optical trap 

1 1 2as a harmonic potential well, we get 
2 kB T = 

2 kt x , where kB is the Boltzmann 

constant, T is the absolute temperature of the water, and x2 is the square of the 

standard deviation σx of the spatial fluctuations ( x = 0). We separate the Brownian 

motion into the x and y components and fit each with a Gaussian distribution to 

find the standard deviation. Fig. 5.1B shows a histogram of fluctuations in the 

x direction for a typical particle. The standard deviations are σx = 31 nm and 

σy = 33 nm. Using an absolute temperature of 294 K, kx = 4.2 pN/µm and ky = 

3.7 pN/µm. Finally, the calibration was performed at a lower laser power than 

the micromechanical measurements to increase the observed Brownian motion. The 

intensity of the beam was 5.35 times lower, so the rescaled stiffness in each direction 

is kx = 22 pN/µm and ky = 20 pN/µm. 

To determine the appropriate trap displacement for our collagen experiments, 
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Figure 5.1: Calibration of holographic optical tweezers forces. (A) XY trajectory of 
the Brownian motion of a 3 µm diameter sphere (≈ 5000 frames). (B) Histogram 
of the x position of the particle with standard deviation σx = 31 nm. (C) Plot 
of particle dispacement vs. trap displacement for a 3 µm particle embedded in a 
homogeneous 1.5 mg/ml collagen gel. The vertical dashed line represents the trap 
displacement used for all micromechanical measurements. 

we perform a calibration on particles embedded in a homogeneous collagen gel. We 

center the trap on the particle, then increase the trap displacement in the +x direc

tion in 0.096 µm increments. The resulting particle displacement is plotted in Fig. 

5.1C. The response is nearly linear until it reaches a maximum at a trap displace

ment of 1.35 µm. We chose a trap displacement of 0.725 µm for all micromechanical 

measurements, safely within the approximately linear region and represented by the 

vertical dashed line in Fig. 5.1C. Also, note that y displacements were minimal as a 
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particle in a highly isotropic gel was chosen for this calibration. 

Finally, we calibrate the directional precision with which we can apply forces to 

particles embedded in collagen. We carry out the calibration in water by comparing 

calculated and measured trap positions for a displacement of 0.725 µm from the 

center location at various angles. The trap position relative to the center is calculated 

using polar coordinates with ρ = 0.725 µm and φ defined as the angle counter 

clockwise from the +x direction. We increase φ in 15◦ increments and compare the 

measured mean position of the particle with the calculated trap location. Fig. 5.2A 

compares the expected and measured trap positions for all angles. Fig. 5.2B shows 

the deviation of the measured trap position from the expected position. Overall, 

there is an average angular shift of -1.6◦ with a maximum difference of -3.6◦ . In 

addition, we compare the measured displacement ρ with the expected value of 0.725 

µm in Fig. S5.2C and find a maximum difference of 35 nm. Overall, we expect these 

small errors in the spatial precision of the trap location have a negligible effect on 

the micromechanical measurement. 

5.3 Results 

Figure 5.3A shows a confocal reflection microscopy (CRM) image of a bead embedded 

in a collagen gel (prepared at room temperature, see Material and Methods) and the 

inset shows one frame of the optical video microscopy image for the same bead. We 

analyze each video frame to obtain a time series of the bead’s mechanical response in 

two dimensions, as shown in Fig. 5.3B. In this case, the particle is manipulated by 
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Figure 5.2: Calibration of angular and radial precision of trap displacement with 
holographic optical tweezers. (A) XY trajectories of a particle trapped in water, 
with the center spot representing the undisplaced trap position and outer spots 
representing the trap being displaced holographically at different angles around the 
center spot. The trap displacement angle φ is defined as the angle couterclockwise 
from the +x direction. The trap angle is increased by 15◦ steps and the radial trap 
displacement ρ is 0.725 µm. (B) Deviation between the expected and measured 
trap angle as a function of the trap angle. (C) Deviation between the expected and 
measured radial trap displacement as a function of trap angle. 

displacing the optical trap 0.725 µm in the +x direction relative to the equilibrium 

position of the particle. This time series illustrates several features of our system 

and of the collagen mechanical response: particle displacements are determined with 

sub 10-nm resolution, the particle displacement is not parallel to the direction of 

trap displacement, and the residual motion during the displaced (trap on) times is 

smaller than the residual motion during the equilibrium (trap off) times, indicating 

that the trap suppresses the particle’s Brownian motion. 

To complete our characterization of the micromechanical response of an embed

ded bead, we repeat the above measurements with the optical trap displaced in the 
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Figure 5.3: A typical micromechanical measurement of collagen gel. (A) Confocal 
reflectance image of a 3-µm-diameter particle embedded in a collagen matrix. The 
collagen gel was formed at 21 ◦C and featured distinct fiber clusters dispersed in a 
fluid medium. The inset shows one frame of the video used to track the particle 
displacement. (B) Time series showing the particle displacement in response to a 
pulsed 22 pN/µm optical trap placed 0.725 µm away from the particle equilibrium 
position in the +x-direction. 

−x, +y, and −y directions in the image plane. The collected results for the four 

directions are shown in Fig. 5.4A, where each dot represents data from one video 

frame. Most frames correspond to either the displaced case (trap on) or the equi

librium case (trap off), but some frames do record transition states in between. By 

fitting the time series to a pulse function, we reduce the influence of these transi

tion states with the result that each video yields one data point representing the 

mean displacement of the particle from its equilibrium position. The displacement 

Δd includes components both parallel and perpendicular to the trap displacement. 



69 

The data for this particle illustrate that the response of the collagen gel is off-axis, 

anisotropic, and asymmetric. As shown in Fig. 5.4B, these features are not a result 

of particular choice of measurement axis, but indeed represent the complex microme

chanical properties of the collagen network. 

A B

Figure 5.4: (A) 2D trajectory map of the particle response to optical traps positioned 
0.725 µm away (from the particle equilibrium position) in the +x (red), +y (green), 
−x (blue), and −y (pink) directions. The circles represent the mean displacements 
determined by fits of the time series to a pulse function. (B) Typical 2D trajectory 
maps of multi-angle trap measurements, where the optical traps are positioned at 16 
evenly distributed orientations from the particle equilibrium position. 

We repeat the measurements described in Figs. 5.3 and 5.4 for ≈ 100 particles 

in each collagen gel sample. The particles are seeded at a density of ≈ 2 × 105mm−3 

and all measured particles are within a 200 x 150 x 20 µm3 volume. The particle 

density is chosen to minimize particle aggregation and disruption of the native gel 

structure, while still offering high resolution of the spatial variations of the network 
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micromechanics. 

To characterize the distribution of micromechanical properties in each gel sample, 

we define three quantities that summarize the results. For a given particle and trap 

location, we define the compliance Ji as 

l
Δd

Ji = 6πa l 
i (5.1) 

Fi 

where i = 1 − 4 refers to one of the four trap locations, a = 1.5µm is the particle 

l
radius, Δdi is the component of the particle displacement along the direction of the 

l l
trap displacement, Fi = kt(dt − Δdi ) is the parallel component of the applied force, 

kt ≈ 22 pN/µm is the harmonic optical trap stiffness, and dt = 0.725 µm is the 

distance of the trap from the particle’s equilibrium position. The average of the four 

measurements gives the local compliance: 

1 
J = Ji. (5.2)

4 
i 

For a linear elastic material, this definition reduces to the standard definition of 

compliance, which is the inverse of the shear modulus. 

To quantify the anisotropic response, we define the anisotropy A as the dimen

sionless quantity 

1 
A = (Max[Ji] − Min[Ji]). (5.3)

4J 
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To quantify the off-axis response of the particles to the applied forces, we define 

the directional off-axis angle 

Δd⊥ 

θi = tan−1 i 
l 

(5.4) 
Δdi 

where positive angles are measured counterclockwise from the trap displacement to 

the particle displacement. We also define the off-axis angle for a given particle to be 

the maximum of its directional off-axis angles. 

θ = Max[|θi|]. (5.5) 

In order to investigate the effect of network architecture on collagen gel microme

chanics, we examine two types of collagen gels prepared under different conditions: 

one with collagen concentration of 1.5 mg/ml and grown at 37◦C, the other with the 

same concentration but grown at 21◦C with increased ionic strength. Fig. 5.6 shows 

the representative results for one gel of each type. Sample to sample variations do 

not change the qualitative behaviors reported below. Consistent with our previous 

results [113], different gelation temperatures lead to visible differences in the mi

crostructure of the collagen fiber network, as seen in Fig. 5.5. At 37◦C, the collagen 

network is composed of short and thin fibers that form a nearly homogeneous mesh 

with a typical pore size of ∼ 1µm. At 21◦C, the collagen gel contains thick fiber 

clusters and the gaps between fiber clusters are on the order of tens of microns. 

These structural differences cause the two gels to have significantly different mi

cromechanical properties. Fig. 5.6A shows normalized histograms for the local com
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Figure 5.5: Confocal reflection images of 1.5 mg/mL collagen gels grown at 37◦C 
and 21◦C, with (left) and without (right) the embedded probing particles. 

pliance J of the two gels. The gel formed at 37◦C has a compliance J that is 

narrowly distributed around the average value. The gel formed at 21◦C, in contrast, 

has a broadly distributed local compliance. 

In addition to the compliance J , the anisotropy of the local mechanical response 

exhibits a systematic dependence on the collagen network architecture. As shown in 

Fig. 5.6B, the distribution of the anisotropy A peaks at 0.2 for gels formed at 37◦C. 

For 21◦C gels, the anisotropy peaks around 0.4, and may take extreme values above 

0.5. For both gels, the directions of maximum (or minimum) compliance are evenly 

distributed among ±x̂, ±ŷ, suggesting that the gels are macroscopically isotropic 

random networks. Note that in our definition, an anisotropy of 0.5 means the com

pliance measured locally along different directions may differ by twice as much as 

the average. Also note that because we are measuring displacement in only four 
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Figure 5.6: Statistical distributions of micromechanical properties. (A) Normalized 
histograms of compliance J for collagen gels grown at 37◦C (upper panel, red) and 
21◦C (lower panel, blue). (B) Normalized histograms of anisotropy A for collagen 
gels grown at 37◦C and 21◦C. Gels formed at 37◦C are more isotropic (C) Normalized 
histograms of off-axis angles θ for collagen gels grown at 37◦C and 21◦C. The inset 
shows all angles θi measured for the four trap locations for all particles, which are fit 

θ , σθ θ , σθwell by a normal distribution (µ37 = −0.84◦ 
37 = 13◦; µ21 = 1.8◦ 

21 = 24◦) with 
R2 > 0.98. 

directions, A is a lower bound of the compliance anisotropy. As a result, the large 

discrepancies between compliances measured in different directions further demon

strate the rich micromechanical properties beyond the expectations for a continuous 

elastic medium. 

When probing an isotropic random biopolymer network at scales much larger 

than its structure discontinuity, we expect the mechanical response to be parallel to 

the probing force, or θ = 0. This is no longer true in the case of micromechanics. As 

shown in Fig. 5.6C, for gels formed at 37◦C, the off-axis angles tend to be smaller, 

the distribution peaks around 10 degrees and has a tail extending to more than 30 

degrees. For gels formed at 21◦C, the off-axis angles tend to be greater. The distri

bution peaks at 30 degrees and broadly covers the range from 0 to extreme values 
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as high as 70 degrees. Unlike θ, the probability distributions of θi are symmetric 

and well approximated by Gaussian functions, as shown in the inset of Fig. 5.6C. 

A surprising observation revealed by Fig. 5.6C is that there is a significant fraction 

of probes with off-axis displacements larger than on-axis displacements (θ >45 de

grees), suggesting that the ECM may be locally auxetic. Since many types of cells 

have mechanosensitive membrane receptors that are sensitive to shear stress [117], a 

large off-axis angle means the cellular contraction force in the normal direction may 

activate these shear-sensing receptors as well. To our knowledge this is a new type 

of mechano-feedback between cells and their ECM. Further investigation is neces

sary to uncover its implications to the three-dimensional cellular dynamics. Another 

interesting observation by comparing Fig. 5.6B and Fig. 5.6C is that the shapes 

of the distribution functions for A and θ are similar. The normalized correlation 

coefficients between A and θ are higher than 0.4 for both types of gels, suggesting 

that micromechanical anisotropy and off-axis response in collagen are closely related. 

On the other hand, neither A nor θ is strongly correlated with the local compliance 

J (correlation coefficients <0.1 for both types of gels). These results suggest that A 

and θ are good measures of the geometric configuration of the ECM network, while 

J is mainly determined by the elastic modulus of fibers and their cross-links. 

We also test gels formed with growth medium at 37◦C, leading to structural and 

mechanical properties different from either of the conditions described above. These 

conditions are particularly relevant because all cell-populated collagen samples are 

prepared with growth medium at 37◦C. Fig. 5.7A shows CRM images of two gels, one 

with and one without particles. Structurally, the collagen network has longer fibers 
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µm diameter particles. (B) Normalized histogram for compliance J . (C) Normal
ized histogram for maximum off-axis angle θ. Inset shows all off-axis angles θi for 
measurements in all four directions. (D) Normalized histogram for anisotropy A. 

than the 37◦C DI water samples, but the fibers are shorter and more homogeneous 

than the 21◦C gels. Fig. 5.7B-C show the results of micromechanical measurements. 

We see broader distributions and overall higher compliance, anisotropy, and mis

match angle compared to the DI water sample. However, the results more closely 

resemble 21◦C growth medium gels than they do the DI water samples. It has been 

shown that in addition to temperature and pH, ionic strength during gelation also has 

a large effect on the structural and bulk mechanical properties of collagen gel [118]. 

Our results show higher similarity between gels prepared with growth medium at 
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different temperature than those prepared at the same temperature with different 

solvents. This suggests that ionic strength during gelation also has a strong effect 

on the local micromechanics of collagen gel. 

To further investigate the spatial fluctuations of the micromechanical properties 

of collagen gel, we generate spatial maps of J , A, and θ with a Gaussian kernel. For 

each gel, we use particles within a 10 µm range in z direction to generate spatial 
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maps using Gaussian weighted averages: 

(x − xi)2 + (y − yi)2 

U(x, y) =< exp(− U i > (5.6)
2σ2 

where xi , yi represent the position of probing particle i, U i represents one of the 

micromechanical properties (J , A or θ) measured for particle i, and σ =10µm. Fig. 

5.8 compares the spatial maps for gels formed at 37◦C and 21◦C. Due to the finite 

density of probing particles, these maps are low-pass-filtered representations of the 

spatial distributions. Nonetheless, it is evident that gels formed at lower temperature 

have greater spatial variations compared with gels formed at higher temperature. 

Also note that the anisotropy A and the off-axis angle θ are spatially correlated. 

When the collagen matrix is populated by cells, the cellular contraction forces may 

deform the local network microstructures. Therefore we expect the micromechanical 

properties of a cellularized collagen gel to be remodeled by embedded cells [119–121]. 

To test this hypothesis, we seed strongly contracting mesenchymal cells (mouse fi

broblast cells NIH 3T3 and human breast cancer cells MDA-MB-231) in the collagen 

matrix at low density and measure the micromechanical response around a single 

isolated cell. Fig. 5.9 shows the actin cytoskeleton of a MDA-MB-231 cell in a three-

dimensional collagen matrix. Unlike in 2D cultures, stress fibers are not apparent and 

polymerized actin (as labeled by phallotoxins) is concentrated at the cell membrane. 

The cell exhibits small membrane protrusions that are actin-rich and presumably 

stabilized by cell-ECM adhesions (Fig. 5.9 arrows). We measure the displacement of 

probing particles around each cell when perturbed by HOT as described above. To 

further elucidate the role of the cell contraction forces, we measure the mechanical 
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Figure 5.9: Three-dimensional reconstruction of a MDA-MB-231 cell embedded in a 
collagen matrix based on its F-actin immunofluorescence. Insets show the confocal 
slices with simultaneous imaging of actin (red) and collagen fibers (green). Scale bar: 
50 µm. 

response of each particle before and after we biochemically disrupt the cell actin cy

toskeleton with cytochalasin D, which suppresses the contraction forces and restores 

the collagen network to a stress-free state. From these measurements, we calculate 

the local compliance Jcell and Jfree before and after cytochalasin D treatment, as 

well as Acell, Afree, θcell, θfree. We have repeated the experiment on 7 samples (3 

NIH 3T3 and 4 MDA-MB-231) with more than 100 probing particles in total. 

We find that the effect of cells on the local compliance is spatially dependent. 

Fig. 5.10A shows the spatial variation of the change of local compliance |ΔJ | (r),
Jf ree 

where ΔJ = Jcell − Jfree and r is the distance between the probing particle and 

cell membrane as determined from confocal image stacks. The change of compliance 

gradually decreases as r increases, and remains significant (∼ 20%) as far as 80 µm 
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A B C

Figure 5.10: ECM micromechanical properties are remodeled by cell contraction 
forces. (A) Relative change of local compliance ( |ΔJ | ) as a function of probe-to-cell 

Jf ree 

distance (r). Inset: cumulative probability of ΔJ (red), and ΔA (blue). A vertical 
Jf ree 

|ΔJ |line intersects the two curves at = 0 and ΔA = 0. (B) Two confocal slices of a 
Jf ree 

typical sample. The slices are separate by 12.5 µm apart along the optical axis. The 
top slice shows the fluorescently labeled cell and the strain magnitude contours. The 
bottom slice shows the bright-field (non-descanned channel) image of the cell and 
the deformation field caused by cell contraction forces. The color of the contours and 
the arrows are scaled linearly with the magnitude of strain field and the deformation 

|ΔJ |field, respectively. (C) Relative change of the local compliance ( ) as a function of 
Jf ree 

local strain magnitude. Inset: ΔA as a function of local strain magnitude. Errorbars 
in (A), (C) are standard deviations. 

away from the cell. When r is small (r < 10 µm), the change of local compliance 

is suppressed by the mechanical property of the cell itself, which is more rigid than 

the local collagen matrix. This explains the non-monotonic trend shown in Fig. 

5.10A, and is also confirmed by numerical simulations below. We have also obtained 

statistics of changes in the local mechanical properties. As shown in the inset of 

Fig. 5.10A, from the cumulative probability of ΔJ (red), and ΔA (blue), we find 
Jf ree 

that the cells tend to stiffen their local ECM (>65% probes), and increase ECM 

anisotropy (>70% probes). 
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To further elucidate the role of cell contraction forces in remodeling the local 

mechanics of the ECM, we have measured the strain field generated by the cells 

embedded in collagen gels with three-dimensional particle tracking velocimetry (see 

Materials and Methods). A typical result is shown in Fig. 5.10B. Two confocal slices 

at different depths are plotted with (2D projections) contours of strain magnitude 

and arrows of deformation field. To facilitate imaging, we have fluorescently labeled 

the cells (see Materials and Methods) as shown in the top slice. The strain field 

is not symmetric, and is strongly correlated with the cell morphology [122]. The 

magnitude of the strain field represents the change of microstructure, and we ex

pect that larger strain correlates with more significant changes of micromechanical 

|ΔJ |properties. Indeed, as shown in Fig. 5.10C, the relative change of compliance 
Jf ree 

increases monotonically with strain magnitude. At the same time, larger strain also 

increases the micromechanical anisotropy (Fig. 5.10C inset). From these results, it 

is evident that cells actively remodel the micromechanics of their three-dimensional 

ECM. These effects propagate as far as ∼ 100 µm away from the cell, mediated by 

the strain fields generated by cellular contraction forces. 

In order to provide fundamental understanding of the micromechanical measure

ments performed at OSU, our collaborators at Rice University have developed a 2D 

lattice-based computational model. The model is constructed on a triangular lat

tice. As described previously [41,111,123], triangular lattice models have successfully 

reproduced many bulk mechanical features of biopolymer networks, such as strain 

stiffening, the bending-stretching transition and shear-induced fiber alignment. How

ever, the utility of triangular lattice models in understanding ECM micromechanics 
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has not been reported to our knowledge. 

The network construction has been described in detail previously [123, 124]. 

Briefly, on a regular triangular lattice, each bond is of length a and is present with 

probability p. Straight lines in this lattice, which have average length (1 − p)−1, are 

identified as fibers with stretching stiffness k and bending stiffness κ. The lattice 

sites are freely rotating crosslinks. The Hamiltonian of the entire network is: 

k κ 
Eelastic = gij(|Rij | − a)2 + gij gjkΔθ2 (5.7)ijk 2a 2a 

�ij� �ijk� 

where gij = 1 for bonds that are present and 0 for removed ones. The first term 

is the stretching energy; |Rij | is the distance between sites i and j in the deformed 

state. The second term is the bending energy; ijk labels three consecutive sites 

along a straight line in the reference state, and Δθijk is the change of angle along the 

fiber. We vary the value of the relative bending stiffness κ/(ka2), ranging from 10−4 

to 10−2 . This is consistent with what is expected for actual collagen fibers, because 

the ratio κ/(ka2) is of the order of (d/a)2, where d and a are the diameter and mesh 

size obtained when modeling the fibers as simple elastic rods [112]. Previous stud

ies report an average connectivity (number of fiber segments meeting at a junction) 

of z ≈ 3.4; therefore, we set p = 0.55 ≈ 3.4/6 in our model [109, 125]. To simu

late collagen networks of qualitatively different microstructures, following the above 

construction, we apply the Metropolis-Hastings algorithm, which controls network 

heterogeneity through an effective temperature Teff . Consistent with our previous 

experimental results [113], at higher effective temperature, the network consists of 
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Figure 5.11: The simulated micromechanical response of the network. Whole simu
lation network is 150 × 150 bound length. A probing particle (centered at the pink 
dot) embedded in a stress-free network (gray dash lines) moves to a new equilibrium 
position (black dot and blue circle) and deforms its surrounding matrix (red lines) 
in response to the force of an optical trap (centered at green star). 

short and thin fibers. At low effective temperatures, the network contains thick fiber 

clusters. Generally, the heterogeneity of the network monotonically decreases as Teff 

increases. 

We model a probing particle as a circular hole in the lattice network with its 

boundary connecting to neighboring bonds (Fig. 5.11), and the optical trap as a 

quadratic potential well: Etrap = 
2
1 kp · ΔL2 . Thus the total Hamiltonian becomes: 

Etotal = Eelastic+Etrap. The equilibrium state of the network is calculated by applying 

the conjugate gradient (CG) method, which allows us to extract particle displace

ments analogous to those measured directly in the experiments. As shown in Fig. 

5.12A-C, the distributions of compliance J , anisotropy A and off-axis angle θ for net
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Figure 5.12: Simulation results of the micromechanics of biopolymer networks. (A) 
Normalized histogram of compliance J for lattice network grown at high effective 
temperature (Teff = 50, upper panel) and at low effective temperature (Teff = 10, 
lower panel). (B) Normalized histogram of anisotropy A for a lattice network grown 
at Teff = 50 (upper panel) and Teff = 10 (lower panel). (C) Normalized histogram of 
off-axis angles θ for a lattice network grown at Teff = 50 (upper panel) and Teff = 10 
(lower panel). 

works formed at two different effective temperatures demonstrate the same trends as 

the experimental results, and to some extent agree quantitatively with Fig. 5.6 A-C. 

Moreover, we find in our simulations that networks formed at lower Teff have greater 

spatial variations in their micromechanical properties, which is consistent with the 

experimental measurements. 

To simulate a cellularized collagen network, we model a contracting cell as an 

ellipse (aspect ratio 5:1 as obtained from typical cell morphology in experiments) 

embedded in the network and shorten the bond lengths isotropically of any bonds 

inside the ellipse [126,127] (Fig. 5.13A). Similar to our experimental measurements, 

we have compared the micromechanical compliance with (Jcell) and without cell 

contraction (Jfree). As shown in Fig. 5.13B, the relative change of compliance |ΔJ |
Jf ree 

measured at varying distances from the cell agrees well with the experimental results. 
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Figure 5.13: Simulation results of the cellularized collagen network micromechanics. 
(A) The equilibrium configuration of a cellularized network. The green ellipse in the 
center stands for a contractive cell. The blue dashed lines divide the whole space 
into four parts. Top and bottom parts are in the short axis direction, left and right 

|ΔJ |parts are in the long axis direction. (B) Relative change of compliance J , as
Jf ree 

a function of distance r (in units of bound length a) from the cell. (C) |ΔJ | as a 
Jf ree 

|ΔJ |function of distance in the short axis direction ( rs/a). (D) as a function of 
Jfree 

distance in the long axis direction (rl/a). 

This non-monotonic behavior can be explained by the intrinsic rigidity of the cell, 

which exists even in the absence of contractive forces. Employing our computational 

|ΔJ |model, we have further examined the directional dependence of . As shown 
Jfree 

in Fig. 5.13C-D, similar trends are observed along both the long and short axes. 

However, the magnitudes differ by as much as 50%. This difference explains the 

relatively large error bar in Fig. 5.13B. 
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The above results demonstrate that triangular lattice models and their extensions
 

capture the main features of the micromechanics of cellularized collagen gel. The 

rich micromechanical properties are intrinsically tied to the microstructure of the 

fiber network, as well as the stress states determined by the dynamic cell-ECM 

interactions. 

5.4 Discussion 

We have reported on the experimental and computational studies to elucidate the 

micromechanics of cellularized collagen networks. We have demonstrated that when 

probing scales smaller than the structure discreteness, rich mechanical properties are 

observed beyond the predictions of micro- or bulk rheology. Although these proper

ties are microscopic measurables, they are determined by the network configuration 

on a larger scale (∼20 times the mesh size determined from simulation). Therefore, 

the ECM microstructure has a significant effect on ECM micromechanical charac

teristics, as we have confirmed both experimentally and by simulation. 

We have shown that a relatively simple model of collagen gels can capture many 

features of the experimental data. The model is based on a two-dimensional lattice 

and is not meant to be a precise match to the three-dimensional sample. Instead, 

it serves as a way to make sense of the general properties of fiber-based bending-

dominated elastic systems. These systems have well-understood macroscopic prop

erties such as strain stiffening and nonlinear differential Poisson ratios that emerge 

from this model class, and we show here for the first time that the micromechanical 
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properties can also be successfully modeled, both with and without embedded cells. 

Of particular interest is the difference between high and low temperature gels, seen 

both in the data and in our simulations; there is a pronounced increase in local me

chanical variability for the gels that are created at low temperature, connected to 

their increased structural variability. We should note that the model underpredicts 

the extent of this variability for the compliance data. This may be due to the fact 

that in our model the bonds have a fixed elastic response independent of tempera

ture, which results in a temperature-independent average compliance, as opposed to 

the net change in mean compliance seen in the data. Our focus here is on the vari

ance for which the model does reflect the correct physics resulting from the differing 

network heterogeneity. 

When collagen gels are populated by contractive cells, the micromechanical prop

erties are significantly altered locally. For NIH 3T3 and MDA-MB-231 cells, the 

effects can be seen as far as 100 µm away for gels at collagen density of 2 mg/ml. 

This is consistent with the observation that bulk rheology of collagen gels is modified 

at high embedding cell densities [110]. The micromechanical remodeling is highly 

correlated with the strain field created by the cellular contraction forces, thus further 

illustrating the close structure-property relation at microscopic scales. Reciprocally, 

micromechanics, rather than bulk rheology of ECM directly affect the morphology, 

migration, proliferation and differentiation of embedded cells. Therefore we expect 

that micromechanical heterogeneity is a key factor that contributes to the heteroge

neous cellular behaviors observed even in the same three-dimensional culture envi

ronment [128,129]. Our experimental and computational approaches provide a novel 
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way of further investigating these effects. 

5.5 Materials and methods 

5.5.1 Preparing and imaging collagen gel 

Collagen gels are prepared from high-concentration rat tail collagen I in acetic acid 

(Corning, 10-11 mg/ml). The collagen is diluted with dH2O (for 21 ◦C gel) or DMEM 

growth medium (for 37 ◦C gel), 10×PBS, and 0.1 N NaOH to a final concentration 

of 1.5 mg/ml and a pH of 7.4. Gels are formed on a glass bottom dishes immediately 

after neutralization and addition of the microspheres. Confocal reflection microscopy 

images of the collagen gels are taken using an inverted laser scanning confocal micro

scope (LSCM, Leica TCS SPE) with either a 20× or 40× oil immersion objective. 

5.5.2 Three-dimensional cell culture and staining 

NIH 3T3 mouse fibroblast and MBA-MB-231 human breast cancer cells are cultured 

to approximately 90% confluency and then resuspended at very low density in neu

tralized collagen solution. The suspension is then immediately transfered to gridded 

glass bottom dishes (ibidi µ-dish Grid-50) and incubated in a tissue culture incubator 

(37 ◦C, 5% CO2) for at least 24 hours before staining or micromechanical measure

ments. Actin staining is done using Alexa Fluor 488 phalloidin dye (Life Technolo

gies) after fixing and permealizing three-dimensional cultured cells with standard 

procedures. For cellularized collagen gel, micromechanical measurements with ac
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tive contraction forces are followed by staining the cell using CellTracker Green dye
 

(Life Technologies). We then perform confocal imaging before and after cytocha

lasin D (Sigma Aldrich, 10 µg/ml in PBS) treatment for 1-2 hours. Micromechanical 

measurements are then conducted again with the same probing particles. 

5.5.3 Holographic optical tweezers 

A holographic optical tweezers system with a 1064 nm trapping laser and a 100X, 

1.4 NA, oil-immersion objective is used for micromechanical measurements. Video 

microscopy measurements are taken with the sample illuminated by a red LED and 

recorded at 60 fps, while the displaced trap is pulsed at 0.7 Hz by a mechanical 

shutter. To determine the location of the particle, the video microscopy images are 

analyzed with a tracking algorithm based on the radial symmetry of the particle’s 

image [115]. The particle trajectories are then fitted using a built in pulse fitting 

function in MATLAB (MathWorks, Inc.) to obtain the mean displacements. 

5.5.4 Three-dimensional particle tracking 

In order to measure the three-dimensional strain field caused by the cell contrac

tion forces, we obtain confocal image stacks before and after cells are treated by 

cytochalasin D and utilize the non-descanned (NDS) channel (Fig. 5.14A). To lo

calize the three-dimensional particle centers, we first apply two-dimensional particle 

localization in each image slice (Fig. 5.14B, [130]). We then group two-dimensional 

particle positions from all z-stacks by a distance threshold (2 pixels). For each group, 
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Figure 5.14: Three-dimensional particle tracking to measure the strain field. (A) 
Overlay of non-descanned (NDS) and fluorescent channels of a confocal image slice. 
The black line represents the distance from a probe particle to the cell. (B) X-Y 
positions are determined at subpixel resolution (blue circles). (C) Z-positions are 
determined by a Gaussian fit of the intensity profiles. Red crosses in (B) indicate 
particles whose fitted z-position is in the image plane. (D) Three-dimensional defor
mation field obtained before and after cytochalasin D treatment. 

corresponding to one particle, we fit its intensity profile with a Gaussian function. 

The center of the Gaussian function is the particle position in the z direction (Fig. 

5.14C). Using the Crocker-Grier algorithm [131], we associate the three-dimensional 

particle centers before and after cytochalasin D treatment (Fig. 5.14D), therefore 

obtaining the deformation field. To further calculate the strain field, we interpolate 

the deformation field onto a regular lattice (MATLAB, ScatterInterpolant, ‘natural’ 

method) and take numeric derivatives. 
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Chapter 6: Conclusion
 

The design of holographic optical tweezers (HOT) was explored to improve the opti

cal trap efficiency and new applications of HOT were developed. With picoNewton 

scale forces, HOT provides an ideal platform for three-dimensional manipulation of 

microscopic systems. In this research we developed a new method to optimize the 

response of a spatial light modulator (SLM), which is the key element to provide 

holographic control in a HOT system. We built a new HOT apparatus with an 

imaging spectrometer coupled to the output of the microscope to enable multiplexed 

fluorescence spectroscopy of the sample plane. The combined HOT and spectrom

eter system was used to study the application of fluorescent microspheres as local, 

micron scale temperature sensors. The HOT system was also applied to study the 

micromechanical properties of type-I collagen to better understand the interactions 

between cells and the extra-cellular matrix in which cells live. 

The ability to position optical traps freely in three dimensions with HOT is most 

efficiently enabled with an SLM that is able to shift the phase of the trapping laser 

linearly from 0-2π without altering the amplitude of the laser. Liquid-crystal display 

(LCD) SLMs can provide 2π phase modulation with minimal amplitude modulation, 

but the phase response is not generally linear and depends on the wavelength of 

light. We developed a simple, diffraction-based method to optimize the diffraction 

efficiency of a LCD SLM. A blazed phase grating was written on the SLM and a laser 



91 

was applied to the SLM to generate a first-order diffraction maximum in the far field. 

An ideal SLM would diffract 100% of the laser power into the first-order maximum, 

but a real SLM distributes the intensity into other orders. The response of the first-

order diffraction to each phase shift level that the SLM can provide was measured 

by monitoring the first-order power as each phase shift level was varied from the 

minimum to the maximum level. A look-up-table (LUT) was found by taking the 

phase shift level that provides the maximum first-order power for all the response 

curves. We wrote the LUT to the SLM to map the input phase levels for the desired 

phase pattern to the new optimized phase levels and correct for the nonlinear and 

reduced phase response. This method is simpler and more reliable than interference-

based methods to correct the phase response, which suffer from vibrational noise and 

require precise optical alignment. We tested the optimization on a Holoeye SLM, and 

the first order diffraction efficiency relative to the total output power, η1, increased 

from 42% to 47% at 1064 nm. At 532 nm where the phase response is greater than 

2π, η1 increased from 57% to 98%. 

The increased first-order diffraction efficiency enabled more powerful holographic 

traps to be placed more accurately, with less power leaking into unwanted diffrac

tion orders. This was necessary to be able to trap many sensors in arbitrary trap 

configurations. Our system is capable of trapping tens of 1 µm diameter particles. 

An imaging spectrometer viewing the sample detects fluorescence from each parti

cle. We used this configuration to explore the fluorescence of 1 µm and 9.78 µm 

diameter polystyrene spheres with external coatings of quantum dots. The emitted 

fluorescence spectrum depends on the local environment near the microsphere, and 
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in this research temperature-dependent effects were studied. The 9.78 µm particles 

exhibited the whispering gallery mode (WGM) resonances typical of particles much 

larger than the wavelength of light. The spectral positions of these modes depend 

on the index of refraction and size of the particle, which are temperature-dependent 

properties. The temperature shift of the WGMs was -0.023 ± 0.007 nm/◦C for 9.78 

µm spheres, in agreement with the expected rate, dλ/dT = −0.0168 nm/◦C. To com

pletely characterize the spectrometer response and ensure that each sensor provides 

information independently of other sensors nearby, we will monitor the fluorescence 

of these sensors as the index of refraction of the medium is changed by flowing in 

a high-index liquid such as glycerin or acetone. An index of refraction gradient will 

be made using a microfluidic device, and sensors deployed along the channel will be 

able to resolve the corresponding spectral shift. 

The system described here has also been used to study the micromechanical prop

erties of type-I collagen. Collagen proteins make up 25% of the total protein in the 

human body, and are the main component in the extra-cellular matrix (ECM). It 

is expected that cells in the ECM sense the micromechanics of the collagen matrix 

rather than the bulk mechanical properties. HOT provides a platform to study these 

micromechanics on the scale of picoNewton forces - the same scale as the mechanical 

force that is exerted by cells. In this research, a method was developed to study 

the mechanical properties of empty and cellularized collagen gels using HOT and 

confocal microscopy. Particles embedded in the gel were displaced by optical tweez

ers to probe the two-dimensional response of the network, and the local compliance, 

anisotropy, and off-axis displacement were measured. The response was found to 
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be inhomogeneous, asymmetric, and anisotropic. These measurements reflected the 

structural differences between gels grown at different temperatures, which we ver

ified with confocal microscopy. Gels formed at 37◦C are characterized by shorter, 

thinner fibers with smaller pore sizes and more homogeneity at the micron scale than 

gels formed at 20◦C. Our micromechanical measurements confirmed that the high 

temperature gels are less anisotropic, less compliant, more spatially homogeneous, 

and have less off-axis displacement than low temperature gels. In cellularized gels, 

particles near a single cell were studied while the cell was alive and after the cell 

had been treated with cytochalasin D to suppress the contraction force of the cell on 

the network. Confocal microscopy images taken before and after the treatment re

vealed the strain around the cell via three-dimensional particle velocimitry, and HOT 

probed the change in compliance to quantify the micromechanical effect of cellular 

interaction with the network. The remodeling of the local compliance was spatially 

dependent, gradually decreasing with distance from the cell membrane to 20% as far 

as 80 µm away from the cell. Our collaborators at Rice University showed that a tri

angular lattice computational model could emulate the two-dimensional mechanics 

of the empty and cellularized networks. These measurements provided unique in

sight into the local micromechanics of empty and cellularized collagen networks that 

has not been previously quantified, enabled by HOT. These types of measurements 

will provide further insight into the relationship between the cell-ECM interaction by 

measuring the micromechanics of aligned collagen networks and the affects of cellular 

remodeling on aligned collagen. This system may also be able to influence the activ

ity of cells in three-dimensional matrices by using particles as handles to manipulate 
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the network structure on time-scales relevant to cellular adhesion through integrin
 

receptors. The method may be improved to measure the full three-dimensional local 

micromechanics by incorporating z-position measurements of the particle from the 

diffraction pattern, which currently suffers due to image noise from light scattered 

in collagen. The particles may also be shifted in the z-direction with HOT, but an 

automatic calibration of the trap and measurement of the trap stiffness along the 

z-axis are necessary to enable this additional measurement. 
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