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Abstract
To date, many of the current tools and technologies used to explore biophysical
processes and phenomena are limited in part by their inability to probe without external
perturbation. Factors such as size restrictions, samples used for non-terminal studies,
and small molecule dynamics cannot be addressed by these techniques. This has not
only driven the field of noninvasive analytics, but has had a direct impact on shaping the
next generation of biological and clinical assays. Highlights of my thesis work herein
focus on the development of nonlinear optical spectroscopy and imaging modalities,
sum frequency generation (SFG) spectroscopy and coherent anti-Stokes Raman
scattering (CARS) microscopy. Each has their own unique qualities that make them
ideal as noninvasive tools and techniques.

Using these two techniques, my studies address fundamental questions about: (1) the
orientation and behavior of chemically immobilized peptides on abiotic surfaces for the
rational design of improved biosensors and bioactive textiles, (2) understanding the
relations between cytosolic lipids, cellular energy homeostasis/consumption, and
developmental biology in female reproductive cells, and (3) the ability to classify and
measure male reproductive health as it relates to acrosome integrity.

Results from SFG, a surface-sensitive spectroscopy, demonstrate that surface tethering
ix

mechanisms govern both the orientation and activity of antimicrobial peptide MSI-78 on
surfaces. Attachment of the n-terminus of this peptide results in an orientation
perpendicular to the surface normal (lying down) whereas c-terminus attachment leads
to a parallel orientation (standing up). Other methods complementary to SFG including
circular dichroism (CD) spectroscopy and coarse-grained simulation molecular
dynamics simulations also support this conclusion. Antimicrobial activity on the other
hand is higher for n-terminally attached MSI-78.

In reproductive biology, lipids demonstrate a unique purpose. Unlike somatic cells,
which use sugar substrates as a primary source of energy, oocytes utilize lipids as a
supplementary source of energy. CARS microscopy is used to evaluate the
contributions of lipid in oocyte growth, development, and for metabolic disease. Results
show that lipid content fluctuates as oocytes progress through meiosis, indicated by an
increase in content as the oocytes grow and a decrease as oocytes resume meiosis. As
for male reproductive cells, CARS microscopy is beginning to be used for the
identification of acrosome reaction, an important predictor of male infertility.

Results of this research have impact in areas such as bio-based functionalization of
sensors or textiles, clinical infertility therapies, and reproductive biology as a whole. The
development of such techniques is essential for a new generation of noninvasive
assays.

x

CHAPTER 1: Introduction
1.1

Motivation – Importance of the Noninvasive Measurement

Developments in modern spectroscopies and microscopies have revolutionized the way
we are able to see and interpret the world around us. Research in biology, medicine,
and materials science has seen a huge impact in the development of new equipment
and analysis methods. For example, the invention of the light microscope in the 16th-17th
century, vacuum pump in the 18th century, vacuum phototubes in 1934, and the laser in
1959 have allowed for unparalleled sensitivity to “watch” the smallest features and to
“detect” the weakest signals. From these technologies, a wealth of new techniques have
emerged, and for the majority of these, have become standards in laboratories of all
disciplines.

Optical microscopy has been an influential technology for the progression of biological
research. What was once an invisible world of cells, organelles, and biomolecules
became a quest for science to understand functional roles of many biological systems.
Despite its simplicity, optical microscopes provide sub-micron spatial resolution and
generally have a relaxed requirement on sample conditions. Its contrast mechanism is
the transmission or reflectivity of the sample, which is difficult for most biological
samples where overall transmission is often very high.
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Because of this, histological staining methods using artificial dyes were developed [1].
Staining yields a strong image contrast and allows for the specific visualization of
microscopic structures based on their molecular composition, making them a good tool
for visualization of subcellular locations. Unfortunately, however, staining sacrifices
noninvasiveness, which is one of the main advantages of optical microscopy and
crucially important in many live cell conditions.

This problem initiated the development of optical microscopy techniques that provide
contrast without the necessity to compromise the sample with cellular fixation or
staining. Such an advantage is exactly provided by phase contrast microscopy and
differential interference contrast microscopy [2], where both methods rely on small
differences in the refractive index of the sample. These phase shifts, which are
observed after the excitation light has transversed the sample, are used to generate
image contrast. From this mechanism it is clear that neither of these two techniques are
chemically selective.

It was the discovery of green fluorescent protein (GFP) [3-6] and its variants that lead to
the idea of genetically-encoded fluorescence labeling. By the expression of a fusion
protein composed of a fluorescent protein with a target protein in living cells and
organisms, ultimate specificity can be achieved: proteins can now be tracked by
monitoring the fluorescence of the fluorescent protein. However, fusion with a
fluorescent protein may lead to major changes in the physiological properties of a
target, phototoxicity to the sample, or photobleaching of the fluorescent protein. Despite
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the overwhelming success of the techniques listed above, it is imperative that methods
still be developed with the goal of minimal invasiveness and the ability to gain maximum
information

Noninvasiveness is of pivotal importance for many studies, e.g., live cells in nonterminal
studies where cellular fixation is counterproductive and small molecule dynamics where
fluorophore size limits molecular behavior. New frontiers of disease detection,
biochemistry, and cell biology demand the ability to visualize the molecular identity in
complex systems in real time. Therefore, the development of tools and techniques for
noninvasive analytics is paramount.

The aim of this thesis, and the work presented herein, is to present new modalities that
preserve the noninvasive measurement with chemical sensitivity. These nonlinear
optical techniques, sum frequency generation (SFG) spectroscopy and coherent antiStokes Raman scattering (CARS) microscopy, are tools that generate molecular
specific contrast based on the vibrational spectra of the sample molecules. These
analytical techniques can provide important molecular level insight as well as biological
significance of cellular macromolecules and have found important applications in
material and biological sciences, as well as related research fields. Thanks to the fast
development

of

laser

technologies,

nonlinear

vibrational

spectroscopies

and

microscopies have emerged and were developed into powerful analytical tools for
modern science and technology.
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1.2

Sum Frequency Generation (SFG) Spectroscopy

In this section, a brief overview of SFG, the experimental system setup used in this
thesis, and basic SFG theory, are discussed.

1.2.1 Basic SFG Overview.
SFG is a second order nonlinear optical process. It occurs when two pulsed laser
beams, one with a tunable IR frequency ω IR , and the other with a fixed visible
frequency

ω vis , spatially and temporally overlap at an interface. A signal is generated at

a specific direction given by phase matching conditions with a frequency ωSFG = ω IR + ω vis
. The intensity of this sum frequency beam is resonantly enhanced when the tunable IR
frequency matches a vibrational transition of a molecule. Therefore, when SFG signal
intensity plotted against the input IR frequency, the resonant signal collected provides a
vibrational spectrum. SFG can provide molecular level structural information because
molecular vibrational modes are fingerprints of molecules. In SFG, an SFG vibrational
spectrum is obtained by detecting SFG signal intensity at each IR input frequency and
continuously tuning the IR frequency.

SFG has several advantages over other surface sensitive techniques, making it unique
in examining molecular structures of many surfaces or interfaces involving
biomolecules.

Among other surface sensitive techniques such as X-ray photoelectron spectroscopy
(XPS) and secondary ion mass spectrometry (SIMS), these spectroscopies are capable
4

of determining the elemental composition and functional groups of a surface (often only
to a depth of 10 nm below the surface) [7-11]. Its ability for surface analysis is
complicated by the fact that both techniques require high vacuum to operate and cannot
be used to study many biological interfaces, which involve aqueous media. AFM is a
high-resolution scanning probe microscopy, which uses a sharp tip to interact with a
sample surface [12,13]. AFM can provide a three-dimensional surface profile without the
need for sample pretreatment or high vacuum environment. However, it is difficult for
AFM to measure molecular structures or to probe buried solid/solid interfaces. SPR is a
laser based interfacial sensitive technique which can study buried interfaces in situ. It is
sensitive to local refractive index changes at a thin metal film surface due to the
adsorption of various materials such as biomolecules or nanoparticles to the surface
[13,14]. A linear relationship is often observed between the adsorbed mass and the
resulting refractive index change in the SPR experiment, which can then be used in a
variety of biosensor applications. Ellipsometry is an optical technique used to study thin
film dielectric properties [15]. The change of polarization of polarized input light is
measured after interaction with the sample. Although both SPR and ellipsometry can
provide in situ measurements, they cannot provide molecular structural information.

Vibrational spectroscopies on the other hand, can provide molecular structural
information about surfaces and interfaces. For example, molecular composition,
orientation, and time dependent dynamics at surfaces can be studied by using infrared
light to characterize intrinsic vibrational modes of surface molecules. One important
surface vibrational spectroscopy is attenuated total-internal reflectance-Fourier
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transform infrared (ATR-FTIR) spectroscopy [16-18]. The surface selectivity of ATRFTIR is provided by the penetration depth of the evanescent wave, which has the same
order of magnitude as the IR wavelength. By applying different polarized incident light
beams, interfacial molecular orientations can be derived in ATR-FTIR measurements.
However, the surface sensitivity of ATR-FTIR is poor; sometimes in order to probe
surface/interfacial structures, it is necessary to subtract large signal contribution from
the bulk media. Another surface specific vibrational technique is surface-enhanced
Raman spectroscopy (SERS), which enhances the Raman scattering signal of
molecules adsorbed on rough metal substrates (usually gold or silver) [13,19,20]. The
enhancement factor can be as high as 1014~1015 which allows SERS to detect single
molecules [20]. However, it is difficult to apply SERS to study other surfaces and
interfaces. Buried solid/solid interfaces in particular are difficult to study using above
surface sensitive techniques.

SFG can probe interfaces that are accessible to laser light. More importantly, the
selection rule for this second order nonlinear process (which will be discussed in the
next part) indicates SFG has intrinsic sub-monolayer interfacial selectivity [21-26]. It has
been extensively shown that SFG can provide in situ measurements on buried
interfaces in real time. By applying different polarization combinations of the input/output
laser beams, SFG can also be used to determine molecular orientations at interfaces
[27-31]. SFG experiments do not require high vacuum to perform (as in XPS and SIMS
experiments). Compared to AFM, SPR, and ellipsometry techniques, vibrational
spectroscopic signatures can provide more detailed molecular structural information on
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surfaces. SFG spectroscopy also provides in situ measurement of molecular presence
and orientation with great sensitivity at buried interfaces, which cannot be obtained
using ATR-FTIR or SERS techniques.

1.2.2 SFG Selection Rule.
The interfacial sensitivity of SFG is defined by its selection rule, which is different from
linear vibrational spectroscopy (e.g. IR or Raman spectroscopy). SFG is a second order
nonlinear optical process in which the signal intensity is proportional to the square of the
second order nonlinear optical susceptibility of the material χ ( 2 ) under the electric dipole
approximation. χ ( 2 ) is a third rank tensor which changes sign under inversion operation:
2
2
χ ( ) (−r) = − χ ( ) (r) [32,33].

For

materials

with

inversion

symmetry,

the

relation

χ ( 2) (−r ) = χ ( 2) (r ) holds. Comparing these two relations, we know χ ( 2) (r ) = 0 . This

M

BS

1064 nm

Nd:YAG laser

monochromator
PMT

M

SHG

HWP
M

P

532 nm

BS
HWP P

substrate

M

sample

1000-4300 nm

OPG/OPA
HWP P

M

M

He-Ne

Figure 1.1: SFG Experimental Design. M: mirror, BS: beam splitter, HWP: half-wave plate, P:
polarizer, SHG: second-harmonic generation, OPG/OPA: optical parametric generation/optical
parametric amplification, HeNe: Helium-Neon laser.
Adapted from http://www.ekspla.com
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Figure 1.2: SFG Fundamentals. Left: Co-Propagating Non-Collinear SFG Experimental Geometry.
The reflected infrared and visible beams and transmitted beams have been omitted for clarity. Right:
Schematic of the SFG energy diagram which involves both IR and Raman transitions.

demonstrates that no SFG signal will be generated if the material has inversion
symmetry under the electric dipole approximation. SFG signal can only be generated
from a medium with no inversion symmetry. Most bulk materials have inversion
symmetry and therefore do not generate SFG signal. However, at surfaces or interfaces
where the centro-symmetry is broken, χ ( 2) (−r ) ≠ χ ( 2) (r ) , so the SFG process can occur.
In the systems studied in this thesis, signals contributed from surfaces or interfaces
dominate the SFG spectra and bulk signal usually can be neglected.

1.2.3 SFG Experimental Setup.
The SFG system layout is shown in Fig 1.1. The SFG spectrometer used here
(EKSPLA, Vilnius, Lithuania) is composed of a pico-second Nd:YAG laser, a harmonic
unit, an optical parametric generation (OPG)/amplification (OPA)/difference frequency
generation (DFG) system, and a detection system. The visible beam (532 nm) is
generated by frequency-doubling the fundamental output pulses of 20 ps pulsewidth
from the Nd:YAG laser. OPG and OPA can generate a signal beam (420 to 680 nm)
8

and an idler beam (740 to 2300 nm). The idler beam and the 1064 nm pump beam are
used in DFG to generate a frequency tunable mid-IR beam (1000 cm-1 to 4300 cm-1).
For SFG experiments, the input visible and IR pulse energies are ~30 µJ and ~100 µJ,
respectively. The pulses were overlapped at the sample surface or interface spatially
and temporarily to generate the sum frequency signal beam. The incident angles of the
visible and the IR input beams are 50° and 55° versus the surface normal, respectively.
The SFG signal from the surface is collected by a photomultiplier tube (PMT) attached
to a monochromator.

A schematic of the general SFG experimental geometry and the SFG energy diagram
are shown in Fig 1.2.

1.2.4 Basic SFG Theory.
The theoretical background of SFG has been developed in earlier publications [27].
New SFG data analysis methods have also been developed [21,29,34,35].

In short, SFG signal intensity can be expressed as:
2

2

I SFG ∝ χeff( ) I IR Ivis

(1.1)

( 2)
Here IIR and Ivis are intensities of the input IR and visible beams, respectively. χ eff
is the

effective second order nonlinear optical susceptibility, which can be expressed as the
sum of a nonresonant term and a resonant term:
( 2)
χ eff( 2) = χ NR
+∑
q

Aq

ωIR − ωq + iΓ q
9

(1.2)

( 2)
Here χ NR
is the nonresonant contribution from the sample. The resonant contribution

can be modeled as the sum of Lorentzians with signal strength or amplitude Aq ,
frequency ω q , and linewidth Γ q . Equation (1.2) can be used to fit SFG spectrum in the
experiment to obtain quantitative vibrational strength comparisons of different functional
groups.

For an isotropic interface in the x-y plane, the effective second order nonlinear optical
susceptibility components can be related to the second order nonlinear optical
susceptibility components of the sample in the lab-fixed coordinating system:
(2)
(2)
χeff
, ssp = Lyy (ωSF ) Lyy (ωvis ) Lzz (ωIR ) sin θ IR ⋅ χ yyz

(1.3)

(2)
(2)
χeff
, sps = Lyy (ωSF ) Lzz (ωvis ) Lyy (ωIR ) sin θvis ⋅ χ yzy

(1.4)

(2)
(2)
χeff
, pss = Lzz (ωSF ) Lyy (ωvis ) Lyy (ωIR ) sin θ SFG ⋅ χ zyy

(1.5)

(2)
χ eff(2), ppp = − Lxx (ωSF ) Lxx (ωvis ) Lzz (ωIR ) cos θ SFG cos θvis sin θ IR ⋅ χ xxz
(2)
− Lxx (ωSF ) Lzz (ωvis ) Lxx (ωIR ) cos θ SFG sin θ vis cos θ IR ⋅ χ xzx
(2)
+ Lzz (ωSF ) Lxx (ωvis ) Lxx (ωIR ) sin θ SFG cos θ vis cos θ IR ⋅ χ zxx

(1.6)

(2)
+ Lzz (ωSF ) Lzz (ωvis ) Lzz (ωIR ) sin θ SFG sin θ vis sin θ IR ⋅ χ zzz

( 2)
In these expressions, χ IJK
( IJK = x, y, z) is a local nonlinear second order optical

susceptibility component of the material at the interface defined in the lab-fixed
coordinate frame. θ IR and θ vis are the incident angles of the input IR and visible beams
vs. the surface normal, respectively. The angle θ SFG is the output angle of SFG signal
vs. the surface normal. Lii (i = x, y, z ) is the Fresnel coefficient which is a function of
beam input angles and the refractive indices of materials forming the interface. ωSF , ωvis
10

and ωIR are frequencies of the sum frequency beam, the visible beam and the IR beam,
respectively. Moreover, ssp, sps, pss, and ppp are different polarization combinations of
SFG measurement (‘ssp’ indicates s-polarized signal, s-polarized visible beam, and ppolarized IR beam).
Lxx(ω), Lyy(ω), and Lzz(ω) are the Fresnel coefficients for beam ω given by:

Lxx (ω ) =

2n1 (ω ) cos γ
,
n1 (ω ) cos γ + n2 (ω ) cos θ

Lyy (ω ) =

2n1 (ω ) cos θ
,
n1 (ω ) cos θ + n2 (ω ) cos γ

2n2 (ω ) cos θ
Lzz (ω ) =
n1 (ω ) cos γ + n2 (ω ) cos θ

(1.7)

⎛ n1 (ω ) ⎞
⎜
⎟
⎝ n '(ω ) ⎠

2

where n′(ω) is the refractive index of the interfacial layer, θ is the incident angle of the
beam in consideration, and γ is the corresponding refracted angle satisfies:
n1 (ω )sin θ = n2 (ω )sin γ .

The measured SFG second order nonlinear optical susceptibility components defined in
the lab-fixed coordination system can be related to the molecular hyperpolarizability
components through molecular orientations considering the coordinate transformation.
(2)
χ IJK
=N

∑

RIi RJj RKk βijk(2)

ijk = a, b, c

(1.8)

IJK = x , y , z

In this expression, N is the surface number density. R is the transformation matrix from
the molecular frame (a,b,c) to the lab frame (x,y,z). β ijk(2) is the hyperpolarizability
component. The angle brackets here mean ensemble average, indicating that the
macroscopic susceptibility is the ensemble average of the hyperpolarizability of each
molecule projected to the lab frame multiplied by the total molecule density and divided
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by vacuum permittivity. R is usually a function of three angles, azimuthal angle φ , twist
angle ψ , and tilt angle θ . Therefore, we have:
(2)
χ IJK
=N

∑

IJK = x , y , z

f (φ ,ψ ,θ ) βijk(2)

ijk = a, b, c

(1.9)

For an isotropic surface, the azimuthal angle can be averaged between 0 to 2π. Then
the expression is reduced to
(2)
χ IJK
=N

∑

IJK = x , y , z

f (ψ ,θ ) βijk(2)

ijk = a, b, c

(1.10)

If the distribution of twist angle is considered to be random, then
(2)
χ IJK
=N

∑

IJK = x , y , z

f (θ ) βijk(2)

ijk = a, b, c

(1.11)

The resonant part of β ijk(2) is directly proportional to the product of the IR dipole derivative
and the Raman polarizability derivative of the vibrational mode Q as described below:

βijk(2) ∝

∂α ij ∂µ k
∂Q ∂Q

(1.12)

Therefore, only those vibrational modes that are both IR-active and Raman-active will
be SFG-active.

1.3

Limitations of SFG

SFG measurements offer the ability to probe changes in molecular orientation and
conformation with high surface sensitivity, and without the need for rigorous background
subtraction. However, due to the relations that govern observed signal intensities (as
shown in Equation 1.9), it is not always directly possible to distinguish changes in
orientation from interfacial number density: a dense layer of molecules lying parallel to
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the surface might yield no signal [36].

Also, SFG can only provide a limited number of experimental measurements. For
complicated situations, more assumptions or combination of SFG and other
supplemental techniques are needed [37,38]. Furthermore, although the amide I band is
somewhat sensitive to changes in protein secondary structure, small changes in protein
conformation may not be detectable within the limited resolution of our spectrometer. A
more detailed picture of protein structure may be obtained using computational methods
such as molecular dynamics simulations.

1.4

Coherent Anti-Stokes Raman Scattering (CARS) Microscopy

In this section, a brief overview of CARS, its implementation, and methods for
background subtraction, are discussed. Because the technical design is discussed in
Chapter 3, it will be omitted here.

1.4.1 Brief Overview of CARS.
Coherent anti-Stokes Raman scattering (CARS) is a four wave mixing (FWM) process
which probes the third order nonlinearity of molecules. Fig.1.3 (a) is the energy level
diagram of CARS. If the frequency difference ω1 − ω 2 matches the molecule vibration
frequency, the two input fields can provide a coherent driving force to all the molecules
within the beam path, modulating the material’s polarizability. A third field ω 3 probes the
modulated polarizability and generates blue shifted light. The photo damage of UV light
and the low resolution and detection efficiency of IR light are all circumvented by CARS,
13

Figure 1.3: CARS Energy Level Diagram. Photons transition through virtual states. The resulting
parametric process scatters light with vibrational information encoded.

which uses near IR pulsed light sources. In addition, the vibration of the molecules is
synchronized. Thus the electromagnetic signal field adds up coherently, in contrast to
the incoherent intensity summation in spontaneous Raman scattering.

The blue shifted light (anti-Stokes signal) is used in microscopy and therefore eliminates
background due to one-photon fluorescence. However, CARS is not background free.
The NR signal will be discussed further in Section 1.3.3.

CARS spectroscopy was first demonstrated in 1965 [39]. Since its initial demonstration,
CARS has become a widely adopted method, finding application in physics, chemistry,
and material science [40-46].

1.4.2 Implementation of CARS Microscopy.
With the development of pulsed laser technology, tunable picosecond mode-locked
lasers became available. In the early 80’s, visible picosecond dye lasers were employed
14

for CARS microscopy [47]. This light source was not ideal for biological samples due to
the presence of two-photon resonances, which presented as strong NR background. In
addition, the non-collinear beam geometry in this experiment prevented high spatial
resolution imaging.

It was not until the late 90’s [48] that near-IR pico-second solid state pulsed light
sources were used for imaging biological samples. Near-IR pulsed sources were a
much better tool than visible light sources for three reasons: first, Rayleigh scattering is
significantly reduced which increased the penetration depth of light; second, NR signal
is reduced for longer wavelength, therefore weakening the NR contribution; third there is
less photo damage at longer wavelengths. This system, although an improvement on its
previous generation, was constructed with two electronically synchronized lasers.
Temperature fluctuations and electronic walk off were often a problem for such designs.

A simpler and more robust method than this early implementation is to use a single
pulsed source to generate light of different colors. This way the timing jitter is negligible.
One commonly used nonlinear optics technique is optical parametric generation (OPG)
or the use of a photonic crystal fiber. Both of these techniques are discussed in
Chapters 3 and 5, respectively.

1.5

Limitations of CARS

Despite the major advantages previously described, CARS as a technique has not been
widely accepted in biomedical research. As compared to other microscopic techniques
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such as phase contrast, staining, or fluorescence labeling, CARS does not allow for
straightforward image interpretation due to the difficulties associated with non-resonant
background signal.

Non-resonance signal arises from the electronic response of the material sample, is
independent of vibrational resonances, and for the most part, wavelength independent.
The overall sample response is proportional to the third-order nonlinear optical
susceptibility, or

(3)
χ eff
,

comprised of both a resonant (R) and nonresonant (NR) term.

This susceptibility takes the form:

(

(3)
(3)
χ eff
= χ R(3) + χ NR

( )

(3)
I CARS ∝ χ eff

)

(1.13)

2

(1.14)

Because of the mixed terms in this expansion (Equation 1.14), background signal
cannot be easily subtracted as in linear spectroscopies/microscopies.

For multiplex CARS, the NR signal increases signal background and also distorts the
spectral lineshape. It requires spectral fitting to make numerical corrections. Also, based
on the difference between the NR signal and the resonant signal, a few optical
techniques have been applied to suppress the NR signal.

One method of background suppression is based on polarization discrimination of the
anti-Stokes signal. This method works very well in spectroscopy for studying samples in
liquid form [49]. For biomedical applications, the NR signal generated may not have a
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fixed polarization, and the scattering inside the sample can often distort the polarization
and cause errors in measurement.

One other difference between the NR signal and the resonant signal is the time scale of
the response function. The NR signal originates from electron’s motion which is much
faster than nuclear motion (Raman signal). If the time response function can be directly
measured, the two signal components can be easily separated from each other. With
sub 20 fs pulses, the Raman modes within the fingerprint regime can be directly time
resolved [50,51].

Recent research has implemented the use of algorithms to remove nonresonant
contributions after data is collected; the most common are a modified Kramers-Krönig
transform [52], as well as maximum entropy method [53]. Both methods aim to isolate
the imaginary portion of the resonant signal in CARS. This signal is functionally identical
to the spontaneous Raman lineshape and, more importantly, is linear with
concentration.

1.6

Presented Research

In this thesis, both SFG and CARS will be used in developing methods for noninvasive
measurements in biological applications. Presented in Chapter 2, I will examine the
behavior of surface-bound peptides with SFG as well as complimentary techniques
including circular dichroism (CD) spectroscopy, molecular dynamics simulations, and
antibacterial activity tests. In applications ranging from pathogen detection and
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elimination, to biomolecule-based biosensors, an understanding of how peptides
interact when chemically bound to a surface is important in designing materials with
better performance, or biomolecules with maximum activity.

In the remaining three chapters (Chapter 3, 4, and 5), I will discuss the implementation
of CARS in noninvasive biological imaging. Since most of my thesis work was dedicated
to the development of this technique, and analysis methods to compliment it, those will
be discussed primarily in Chapter 3. Broadband CARS has been an ideal tool in its
ability to generate hyperspectral data. This data contains chemical information of a
variety of different functional groups within one image. In order to identify such chemical
species, singular value decomposition (SVD) was also implemented for this research.
SVD was the best solution since it was able to uniquely identify different chemistries
even with low-quality images.

With this developed CARS system, I addressed the biological significance of lipids in
reproductive biology. In Chapter 4, I investigate the ability for CARS to accurately
identify lipid droplets in live oocytes, or female reproductive cells. These cells, unlike the
majority of somatic cells, have applications in clinical diagnostics where fixation is
impractical. Therefore, CARS must have utility in assessing lipid for nonterminal studies
and be able to help make objective decisions to maximize reproductive outcomes.

Finally, in Chapter 5, I will begin to assess CARS for its ability to identify acrosome
reaction (AR) in human sperm cells. The noninvasive nature of CARS makes it an ideal
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candidate for the development of a clinical assay to identify AR. This reaction, along
with capacitation, give sperm a biological advantage (albeit necessary) for successful
fertilization. A lack of sperm capacitation, or improper timing of AR is one of many
factors that cause male infertility. Outcomes of this research have important clinical
impact for the identification of AR, and the subsequent projected increase in successful
pregnancies.

In summary, the chapters which will be presented in this thesis show my research effort
in the development of nonlinear optical methods, especially SFG and CARS, and their
ability to shape the next generation of noninvasive analytics.
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CHAPTER 2: Investigation of Surface Behaviors of CysteineModified Antimicrobial Peptide MSI-78 on Abiotic Surfaces
The content of this chapter will be included into the following reference:
Jasensky J, Li Y, Wei S, Wu J, Buer BC, Han XF, Xi C, Marsh ENG, Brooks CL III, Chen Z.
Investigation of Surface Behaviors of Cysteine-Modified Antimicrobial Peptide MSI-78 on Abiotic
Surfaces. 2015, in preparation.

2.1

Introduction

Functionalization of abiotic surfaces with biomolecules create unique biotic/abiotic
interfaces which are widely used in many advanced materials. These materials are
designed to induce or regulate biological activities and their functions and have been
applied extensively in fields ranging from antibiofouling coatings, device engineering,
and biosensing [1-5]. While this technology has made advances in several aspects of
overall design, functionality of the incorporated biomolecule is often affected; either by
enhancement or inhibition [6,7]. In order to tailor the performance of these materials, it
is crucial to understand the behaviors and compatibility of bioactive components with
their tethering surfaces and factors that govern favorable interactions.

Recently, biocatalysis using enzymes has become a plausible alternative to synthetic
catalysts. These enzymes are “greener”, more environmentally sustainable, super
specific, extremely effective, and only require very mild reaction conditions [3,8].
Currently, the production costs are typically high and the overall yield is slow. Moreover,
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these solution-based enzymes must be recollected and reused which has proven to be
difficult [7,9]. In order to enhance the efficiency and reusability of such biocatalysts, the
adsorption and immobilization of enzymes on solid substrates have been proven to
have promising potential [8]. If these enzymes are chemically tethered to a solid support
in a controlled and predictable way, then efficiency can be not only similar to that of
enzymes in solution, but can be reusable or easily recycled.

In a similar fashion, the immobilization of peptides to solid surfaces has applications in
antibiofouling and pathogen elimination [10,11]. Since biofouling can occur on a variety
of surfaces from medical devices to marine ships, understanding and eliminating this
saves lives, health care costs, and fuel consumption.

With their high potency, broad range of activity, and strong affinity to various
microorganisms, anti-microbial peptides (AMPs) are preferred tethering molecules and
have been considered in the development of peptide-functionalized surfaces for
pathogen detection and elimination [5,12-14]. As a potential candidate for selective
targeting, AMPs are short sequences (often fewer than 30 amino acids) and easy to
mass-produce, have the ability to be readily functionalized with a variety of native and
non-native amino acids, and are known to selectively target bacteria, fungi, and even
human malignancies [15,16]. Previous publications have shown that free AMPs in
solution have many modes of action, but generally target bacteria thorough the initial
electrostatic interactions between positively charged peptides and negatively charged
bacterial cell membranes; the disruption of these membranes due to the amphipilicity of
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the peptide [17-20]. The first and most widely studied antimicrobial peptides are
peptides in the magainin family, which was first isolated from the frog Xenopus laevis
skin [21]. Our studies focus on MSI-78, or pexiganan, an antimicrobial peptide designed
by the Genaera Corporation, which is a potent synthetic analogue of magainin.

Investigations into the molecular interactions between MSI-78 and various model cell
membranes have found a concentration-dependent interaction mechanism with different
observed peptide orientations relative to the membrane surface [18]. Other research
groups have also studied membrane disruption of MSI-78 by nuclear magnetic
resonance (NMR) spectroscopy [22-27]. It has been reported that MSI-78 adopts an α–
helical structure on association with a cellular membrane and a random coil in aqueous
solution [28,29]. Its short sequence and α–helical structure make it a good choice for
structural characterization.

Bulk and solution measurements are only the first step in understanding surface-bound
behavior. A variety of surface sensitive analytical techniques and methodologies have
been applied to explore conformation, ordering, and orientation behaviors of the
interfacial molecules. Examples include adsorption/desorption measurements using
ellipsometry and surface plasmon resonance (SPR) [30-32], elemental analysis with
secondary ion mass spectrometry (SIMS) and x-ray photoelectron spectroscopy (XPS)
[33-36], and surface vibrational spectroscopy using attenuated total reflectance-Fourier
transform infrared (ATR-FTIR) spectroscopy [37-40] and surface-enhanced Raman
spectroscopy (SERS) [41]. Although these experimental tools have the ability to acquire
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a qualitative and quantitative understanding at the molecular level of interfacial
proteins/peptides and their functions, it is still very difficult to probe molecular level
structural information of peptides and proteins in situ (e.g. at the solid/liquid interface)
with monolayer surface sensitivity using the techniques listed above. As a result, further
investigations of these molecular interactions still require more accurate in situ
measurements.

In this study, we immobilized MSI-78 through different peptide termini onto surfaces in
order to create antimicrobial coatings. We characterized the surface-immobilized MSI78 structure using sum frequency generation (SFG) spectroscopy, a second-order
nonlinear optical spectroscopy that is intrinsically surface sensitive [42,43] and has been
applied to examine the secondary structures and orientations of various peptides and
proteins adsorbed on surfaces [44-47]. The experimentally deduced MSI-78 structure
was further validated using circular dichroism (CD) spectroscopy and coarse-grained
molecular dynamics simulations. In addition, we determined the antimicrobial activities
of different peptide analogues in order to correlate the deduced structural information
with the biological efficacy of the AMPs with the hope of understanding the
structure/function relationship of surface immobilized AMPs.

2.2

Materials and Methods

All chemicals and solvents were purchased from Sigma Aldrich (St. Louis, MO) and
used

without

further

purification

unless

otherwise

stated.

O-(Propargyl)-N-

(Triethoxysilylpropyl) Carbamate (alkyne-silane) (Gelest, Arlington, VA), azido-EG3-
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Maleimide linker (Click Chemistry Tools, Scottsdale, AZ) and maleimide-EG1-NHS linker
(Conju-Probe, San Diego, CA) were used as received.

2.2.1 Substrate Surface Preparation.
2.2.1.1 Right-Angle CaF2 Prisms.
Right-angle CaF2 prisms (Altos Photonics, Inc., Bozeman MT) were first soaked in
toluene for 24 hr and then sonicated in 1% Contrex AP solution (Decon Laboratories,
King of Prussia PA) for 10 min. Prisms were then thoroughly rinsed with deionized water
(18.2 MΩ cm), dried under N2 gas, and treated with O2 plasma (Glen 1000P) for 30 s
immediately before being coated with SiO2. A layer of 100 nm of SiO2 was deposited
onto the cleaned CaF2 prism by electron-beam deposition process using an SJ-26
evaporator system at pressure below 10-5 Torr with a deposition rate of 5 Å s-1. After
multiple uses, old SiO2 was removed using a 5% (by volume) solution of HF.

2.2.1.2 Quartz Discs.
UV-grade quartz disks (Jasco Inc., Japan) used for circular dichroism measurements
were cleaned in piranha solution, thoroughly rinsed with deionized water, dried under N2
gas, and treated with a 3 min O2 plasma.

2.2.2 Surface Functionalization.
2.2.2.1 Self-Assembled Monolayer (SAM).
SiO2-coated CaF2 prisms and quartz disks were cleaned under O2 plasma (PE-25-JW)
for 3 min, then immediately placed into a freshly prepared solution with anhydrous
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toluene and 0.1 mM either octadecyltrichlorosilane (OTS, Fig 2.1 A), alkyne-EG1-silane
(2-step click, Fig 2.1 B), or APTES (2-step APTES, Fig 2.1 C) solution to prepare a selfassembled monolayer (SAM). Reaction was allowed for 24 h at room temperature to
form SAM materials. The functionalized prisms were then rinsed with copious toluene
and methanol and were then dried under nitrogen gas.
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Figure 2.1: Chemical Structures of Surface Functionalization Materials. (A)
Octadecyltrichlorosilane (OTS), used for non-specific binding of MSI-78. (B,C) Maleimide
functionalization with two different SAMs and their corresponding linkers. (D) Dibromomaleimide
(DBM) polymer.

28

ID

Sequence

MSI-78

GIGKFLKKAKKFGKAFVKILKK-NH2

nMSI-78

CGIGKFLKKAKKFGKAFVKILKK-NH2

cMSI-78

GIGKFLKKAKKFGKAFVKILKKC-NH2

Table 2.1: Amino Acid Sequence of wild type MSI-78, nMSI-78, and cMSI-78. Mutations are
highlighted in red.

2.2.2.2 2-Step Linker.
For two of the three SAMs, linkers containing maleimide functionality must be added to
the existing surface for successful peptide immobilization. Azido-EG3-maleimide linker
(Fig 2.1 B) was prepared according to the manufacturers’ instruction. The alkynefunctionalized prisms were placed into an aqueous solution containing azido-EG3maleimide linker (1 mM), sodium ascorbate (0.2 M), and copper sulfate (0.5 mM), and
reacted overnight. Prisms were then rinsed with water, EDTA, and water to remove any
remaining copper ions. Amine functionalized prisms were placed into a phosphate buffer
(pH 7.4, ionic strength 5 mM) solution containing maleimide-EG-NHS linker (Fig 2.1 C,
1 mM) and reacted for 1 hour. Then the prisms were rinsed with copious phosphate
buffer.

2.2.2.3 Dibromomaleimide (DBM) CVD Polymer.
All surface preparation using dibromomaleimide (DBM) polymer was done by
collaborators in the Lahann lab at the University of Michigan. Details of their CVD
equipment as well as DBM synthesis and deposition can be found in references [48,49].
Briefly, DBM precursor was deposited by CVD polymerization using a custom-built CVD
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system. Precursor was first sublimed at approximately 120°C. The precursor vapor then
underwent pyrolysis at 750°C, and was deposited and polymerized simultaneously onto
pre-cleaned calcium fluoride (CaF2) prisms at 15oC at a pressure of 0.1 mbar.

2.2.3 Cysteine-Modified MSI-78 Surface Immobilization.
MSI-78 is a 22-residue antimicrobial peptide with the amino acid sequence:
GIGKFLKKAKKFGKAFVKILKK-NH2. C-terminal amidation of this peptide was reported
to increase its activity [23]. Cysteine-mutated MSI-78 was synthesized using the solid
phase Fmoc method with a single cysteine added to the n-terminus (nMSI-78) or cterminus (cMSI-78) of MSI-78. The nMSI78 and cMSI78 sequences are shown in Table
2.1. Peptide stock solutions were prepared by dissolving 2.0 mg of peptide powder into
8.0 mL of Millipore deionized water (18.2 MΩ cm) and stored in a -30 °C freezer.

Surface-functionalized prisms or disks were placed into a phosphate buffer solution (pH
7.2, ionic strength 5.0 mM) containing nMSI-78 or cMSI-78 (5.0 µM), tris(2carboxyethyl)phosphine (TCEP) (5.0 µM, used as a reductant to minimize disulfide
bonds between cysteines of different peptides) and left to react for 2 h. After peptide
immobilization, prisms were rinsed with both phosphate buffer and 1.0 mM sodium
dodecyl sulfate (SDS) to wash away physically adsorbed peptides, followed by several
additional phosphate buffer washes.

2.2.4 Circular Dichroism (CD) Spectroscopy.
The CD spectra of free MSI-78 in solution and immobilized MSI-78 on surfaces were
collected with a J-815 CD spectrometer (Jasco Inc., Japan) using continuous scanning
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mode at room temperature. All spectra were scanned between 195 and 240 nm at 1 nm
resolution, 20 nm min-1 scan rate, and averaged by five successive scans for each
sample.

2.2.5 Sum Frequency Generation (SFG) Vibrational spectroscopy.
The SFG setup used in this study was purchased from EKSPLA. The details regarding
SFG theories and measurements have been described both in Chapter 1 and in
previous publications [50-66]. Briefly, SFG is a second-order nonlinear optical technique
and is intrinsically sensitive to surfaces and interfaces. In our experimental setup, two
laser beams (one 532 nm visible laser beam and one frequency-tunable IR beam) pass
through one surface of a right angle CaF2 prism and then overlap spatially and
temporally at the other surface (shown in Fig 2.2). The incident angles of the 532 nm
and IR beams in the SFG setup are 58° and 55°, respectively, relative to the surface
normal of the incident prism surface. SFG spectra with different polarization

CaF2

SiO2
SAM + peptide

IR
vis
SFG

buffer solution
Figure 2.2: SFG Experimental Design. The use of near-total-internal-reflection of both visible and
IR light enhances peptide signal. This geometry is used with immobilized nMSI-78 or cMSI-78 on
right angle prisms in phosphate buffer.

31

combinations of the input and generated signal beams including ssp (s-polarized output
SFG signal, s-polarized input visible beam, and p-polarized input IR beam) and ppp
were collected using near total internal reflection geometry [67].

For an α–helical structure, the Amide I signal is centered at about 1650 cm-1 [68]. The
orientation of an α–helix can be deduced from the measured ratio of the effective
second-order nonlinear optical susceptibility tensor components detected in ssp and
ppp polarizations [44,47]. This method has been applied to deduce orientation of
peptides associated with lipid bilayers [18,69].

SFG spectra are fitted using the following equation as previously reported [44]:
(2)
χ eff(2) (ω ) = χ NR
+∑
q

Where

ω

Aq

ω − ω q + iΓ q

(2.1)

is the frequency of the IR beam, Aq is the amplitude of the qth vibrational

mode, and Γ q is the damping coefficient of the qth vibrational mode.

2.2.6 Coarse-Grained Molecular Dynamics Simulations on Immobilized MSI-78.
All implementations of molecular dynamics simulations and results therein were
developed and performed in the Brooks lab at the University of Michigan. A previously
developed coarse-grained surface force field is used in this work to study peptidesurface interactions [70]. This model was developed based on the Karanicolas and
Brooks’ (KB) Go-like protein model [71,72] and was well parameterized based on a set
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of benchmark experimental data for protein adsorption free energies onto SAM surfaces
[73]. The KB protein model is used because it has been shown to be able to
consistently reproduce protein folding free energy surfaces and folding mechanisms.
Using the formation of native contacts defined in the KB protein model, a five-term
potential was used to describe the interaction between each residue and a SAM surface
(as shown below in eq. 2). The first three terms describe the adsorption well and the
energy barrier, which are general for any residue and surface type. The last two terms
are used to delineate the hydrophobicity of each residue and surface.
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All

θ ‘s

are parameters that were optimized for this surface. A maleimide surface is

slightly hydrophilic with

χs

set to be 1.5 [70]. The values of

χp

are hydropathy indices

of residues that can be found in many biochemistry textbooks. The bond between the
maleimide surface and the cysteine side chain was simulated through the addition of a
harmonic restraint tethering the terminal residue of the peptide to the surface and
represented by the interaction potential of the following form:

1
U restraint = kr r − req
2

(

Where

)

2

(2.3)

kr = 10 kcal/mol is the parameter describing the strength of the restraint and r

is the distance of the tethering site from the origin of the surface (0, 0, 0), and
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req

= 5.8

Å is the equilibrium distance from the tethering site to the surface origin. The tethering
length was used to approximate the distance between the maleimide surface and the

Cα

of the cysteine residue at the tethering site.

2.2.7 Antimicrobial Activity Test of Immobilized Peptide.
Quartz disks were used to grow SAMs and immobilize peptide in the antimicrobial test
(instead of prisms used in SFG). They were cleaned using the same method presented
in Section 2.2.1.2.

A LIVE/DEAD BacLight Bacterial Viability kit (L-7007, Invitrogen, Carlsbad, CA) was
used to determine bacterial cell viability. A solution of the mixed SYTO 9 and propidium
iodide (PI) dyes was prepared according to the manufacture’s instructions. Escherichia
coli ATCC 25922 was grown in Luria-Bertani (LB) broth (3 mL, pH 7.2) at 37 °C
overnight. The overnight grown bacterial culture was diluted with fresh LB medium to a
concentration around 108 CFU/mL. A 5.0 µL sample of diluted bacterial culture was
mixed with the fluorescent dyes (5.0 µL); the mixture was dropped onto a peptidecoated quartz disk or an untreated quartz slide (control), and a glass coverslip (2.5 cm x
2.5 cm) was placed on the droplet. This slide sample was incubated at room
temperature in a dark environment for 15 min before being examined using a
fluorescence microscope (Olympus IX71, Center Valley, PA) equipped with a
fluorescence illumination system (X-Cite 120, EXFO) and appropriate filter sets. Images
were randomly acquired on different spots by using an oil immersion 60X objective lens.
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2.3

Results

2.3.1 Surface Behavior of MSI-78 on Octadecyltrichlorosilane (OTS) SAMs.
In order to understand surface properties of chemically immobilized MSI-78, we first
looked at its adsorption behavior at surfaces with no functionality for chemical
immobilization. Octadecyltrichlorosilane (OTS), a hydrophobic long chain SAM, was
used as a model for non-specific binding. Results in Fig 2.3 show that in the presence
of an amphipathic environment (hydrophilic water and hydrophobic SAM), cysteinemodified MSI-78 not only is present at the surface, but forms α-helical structure as seen
in the peak located at 1650 cm-1 (Fig 2.3 A). All forms of MSI-78, nMSI-78 (not shown)
and cMSI-78 (not shown), exhibit a propensity to interact with the surface and form αhelical structures at this aqueous SAM interface.

B
PPP
SSP

SFG Intensity (a.u.)

SFG Intensity (a.u.)

A

Wavenumber (cm-1)

PPP
SSP

Wavenumber (cm-1)

Figure 2.3: Nonspecific Adsorption of MSI-78. (A) By physical adsorption alone, both MSI-78s
forms α-helical structure at the hydrophobic OTS/water interface (as seen by the presence of SFG
signal at 1650 cm-1). (B) Peptide is weakly bounded, and signal decreases when surface is washed
using phosphate buffer.
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Figure 2.4: Orientation of Chemically Immobilized MSI-78. (A) No signal is measured for nterminus attachment of MSI-78. (B) A clearly resolved peak at 1650 cm-1 is seen for c-terminus
attachment. (C) Signal strength ratio as a function of tilt angle. A calculated ratio for cMSI-78 of 1.66
results in a tilt angle of ~29 degrees relative to the surface normal.

The SFG ppp and ssp spectra detected from cysteine modified cMSI-78 was fitted using
a standard SFG spectra fitting method [44] as shown in Fig 2.3 A and Equation 1. The
measured

χ ppp χ ssp

ratio of the Amide I peak at 1650 cm-1 is 1.23, which can be

used to deduce the orientation of immobilized nMSI-78 and will be discussed further
below.
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Due to the nature of non-specific binding, peptide is easily washed away with excess
phosphate buffer (Fig 2.3 B). The measured

χ ppp χ ssp

ratio from the washed OTS

surface does not change significantly; its value is approximately 1.20.

2.3.2 Orientations of Surface-Immobilized MSI-78
Once a surface helical structure was established for non-specific binding of a
hydrophobic SAM, SFG spectra were collected from chemically immobilized nMSI-78
and cMSI-78 on alkyne-silane + azide-EG3-maleimide SAMs. This combination of
SAM+linker allowed for a stable chemical surface, easy maleimide attachment via welldefined click chemistry, and a triethylene glycol (EG3) unit to minimize physical
adsorption.

B
A
elipiticity (mdeg)

nMSI-78
cMSI-78

elipiticity (a.u.)

Phosphate Buffer Saline (PBS)
PBS+ 2,2,2- Trifluoroethanol (TFE)

wavelength (nm)

wavelength (nm)

Figure 2.5: Secondary Structure of MSI-78 Measured by Circular Dichroism. (A) Solution CD
spectra indicate characteristic lineshapes for random coil (MSI-78 measured in PBS) and α-helix
(with the addition of TFE). (B) Surface immobilization of MSI-78 by either termini show peptide
adopts α-helical structure at the SAM surface.
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After a 2 h reaction of the maleimide SAM with either cysteine-modified nMSI-78 or
cMSI-78, the SAM surface was rinsed using phosphate buffer, followed by a rinse using
SDS to remove physically adsorbed peptides and phosphate buffer for a final cleaning
of the surface. SFG spectra were then collected from both immobilized peptides on
SAM in contact with a phosphate buffer solution. An SFG Amide I peak centered at
~1650 cm-1 was detected (Fig 2.4 B) originating from the α–helical conformation of
immobilized cMSI-78.

As shown in Fig 2.4 A, no discernible SFG signal can be detected under either ppp or
ssp polarization combinations from nMSI-78 after surface immobilization. From the
parameters that define the origin of SFG signal, the lack of signal seen in nMSI-78
indicates that either the immobilized peptide molecules (1) have a random coil
conformation or (2) they adopt an α–helical structure but with the helix axis running
parallel to the surface. This will be further studied below using CD spectroscopy.

For c-terminally immobilized MSI-78 (Fig 2.4 B), SFG results show a well-defined signal
with peak center at 1650 cm-1 indicating α–helical structure at the interface. Calculating
the SFG signal strength ratio between the ssp and ppp polarization combinations results
in a ratio of 1.66. Under the assumption of a delta-distribution of orientations (all
measured peptides adopt an identical tilt angle to the surface normal), we see that
cMSI-78 tilts 23° with respect to the surface normal (Fig 2.4 C).
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2.3.3 Secondary Structure of and Surface nMSI-78 and cMSI-78.
To further conclude the origins of SFG signal from chemically immobilized nMSI-78,
circular dichroism (CD) spectra of surface-immobilized nMSI-78 and cMSI-78 were
taken. Bulk and surface CD spectra of cysteine-modified MSI-78 (nMSI-78 and cMSI78) at room temperature are shown in Fig 2.5 A. Both cysteine-derivatives of MSI-78
adopt a random coil conformation in aqueous buffer solution (their spectra are averaged
into the plot shown in panel A). In the presence of a helix promoter such as 2,2,2trifluoroethanol (TFE), MSI-78 in solution adopts an α–helical conformation. After
surface coupling through the reaction of the terminal cysteine group with surface
maleimide group, the immobilized cysteine derivatives of MSI-78 exhibited an α–helical
conformation, as characterized by the double minima at 207 and 222 nm in the CD
spectra (Fig. 2B).

It is concluded that nMSI-78 through CD spectroscopy, readily adopts an α–helical
conformation at abiotic SAM surfaces. From this, SFG results of nMSI-78 point to this
peptide having helical structure but with the helix backbone running parallel to the
surface.
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2.3.4 Coarse-Grained Molecular Dynamics Simulation of Immobilized MSI-78.
In order to provide a more detailed understanding of physical origins of different
orientations of immobilized nMSI-78 and cMSI-78 observed in this research, The Brooks
Lab at the University of Michigan performed coarse-grained molecular dynamics
simulations. As stated in Section 2.2.6, we use

χs

of 1.5 for the slightly hydrophilic

maleimide SAM surface and the tethering length was approximated to be 5.8 Å based
on the length of the amino acid cysteine. In the simulation, no external force to constrain
the helical structure was used other than the native contacts of the initial helical
structure which are defined by the Go-like protein model.

A1

A2

nMSI-78

B1

B2

cMSI-78
Figure 2.6: Coarse-Grained Simulation Results of Tethered MSI-78. (A1) nMSI-78 and (B1)
cMSI-78 immobilized on a maleimide-terminated SAM exposed to phosphate buffer solution. (A2,B2)
Assessment of native contacts shows peptides maintain helical form independent of orientation.
Simulated results well recapitulate the experimentally deduced peptide orientations.
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nMSI-78

cMSI-78

Figure 2.7: Antibacterial Tests of Surface Immobilized MSI-78. Representative micrographs of
MSI-78 antibacterial tests against E. coli.

Simulation results of both nMSI-78 and cMSI-78 are shown in Fig 2.6. Generally, the
maleimide surface is only slightly hydrophobic which has a favorable interaction with the
hydrophobic c-terminal end of MSI-78. Therefore, as seen in Fig 2.6 A1 and B1, the
hydrophobic c-terminal end readily interacts with the maleimide surface, however the
amphipathic nature of the rest of the peptide (in the case of cMSI-78) is well
accommodated in the surrounding solution. This results in a peptide that stands up
relative to the surface and agrees with SFG results. Likewise, the n-terminus MSI-78
has strong affinity with the maleimide surface due to its hydrophobic c-terminus serving
as an anchor for the untethered side of nMSI-78. This results in a peptide that lies down
on the surface which agrees with SFG results of nMSI-78.

To confirm helicity for both peptides, the native contacts were monitored for both
simulations and can be seen in Fig 2.6 A2 and B2. The presence of most native
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contacts in the peptide indicate that structure is conserved independent of peptide
orientation further confirming both SFG and CD results.

2.3.5 Antibacterial Activity of Immobilized MSI-78.
To summarize our understanding of surface behaviors of chemically immobilized MSI78, antimicrobial activity tests were performed against Escherichia coli (E. coli) for both
analogues of surface-bound MSI-78. The LIVE/DEAD bacteria assay uses two separate
fluorescence dyes, SYTO 9 and propidium iodide (PI), both of which are nucleic acid
staining dyes. SYTO 9, having a green fluorescence emission wavelength, is a small
dye molecule that can pass through live cell bacterial membranes. This color indicates
cells that are alive. PI is a dye that must transport through large pores induced by AMPs
such as MSI-78. Presence of this dye indicates cells which have compromised cell
membranes and are presumed “dead”.

Antibacterial properties of chemically immobilized nMSI-78 and cMSI-78 were found to
be quite different (Fig 2.7) and counterintuitive to previous SFG, CD, and coarsegrained simulation results. After a 60 minute exposure, both AMP surface captured
similar amounts of bacteria, however nMSI-78 was able to kill more adsorbed bacteria
than cMSI-78. Initial evidence points to an environmental role of AMP activity, but more
will be discussed in the text below.
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Figure 2.8: MSI-78 Immobilized to 2-Step APTES SAM. (A) Cysteine-modified cMSI-78 shows
good chemical attachment with this SAM. (B) Comparison of peptide orientation between each 2step SAM.

2.3.6 Other Unique Abiotic Surfaces
Among other potential surfaces used in peptide attachment, investigating cost-effective,
easy to manufacture functionality is important for maximizing the ubiquity of these
biomaterials. Among those are a compliment to the already discussed 2-step click SAM;
a 2-step SAM using an APTES-NHS reaction, as well as a maleimide-functionalized
polymer which can be easily deposited using chemical vapor deposition (CVD).

Fig 2.8 shows the results of cMSI-78 attached to a maleimide surface prepared by a 2step SAM via an APTES-NHS reaction. This SAM, in contrast to the 2-step click SAM, is
a low-cost alternative, which may provide a solution to functional surfaces that cost
significantly less than some other alternatives. SFG results show not only a peak
centered at 1650 cm-1, indicative of alpha-helix, but also a shoulder at 1630 cm-1,
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Figure 2.9: Reversible Thiol Reaction on Dibromomaleimide CVD Polymer. (A) Peptide
attachment on DBM polymer. (B) With excess TCEP, SFG signal decreases (C) Resulting signal
after peptide is removed.

originating from the free maleimide on the surface. This shoulder is clearly resolved and
does not interfere with orientation calculations. In comparison to 2-step click SAMs,
cMSI-78 tilts more towards the surface (Fig 2.8 B) on 2-step APTES SAM.

A dibromomaleimide-functionalized polymer prepared with CVD also shows good
peptide attachment (Fig 2.9 A). Dibromomaleimide (DBM) participates in a reversible
thiol reaction with cysteine. In excess TCEP (5 mM; 1000x greater than peptide
concentration), a reducing agent used to minimize disulfide bonds between free MSI-78
in solution, cMSI-78 is removed from the surface as TCEP breaks the thiol/maleimide
bond and releases MSI-78 from the surface (Fig 2.9 B). SFG spectra decrease
significantly after the addition of excess TCEP (Fig 2.9 C).

2.4

Discussion

With the use of surface-sensitive spectroscopies, the knowledge about the structures of
peptides immobilized on surfaces was gained. MSI-78, with its native mutations,
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allowed for a unique platform to a variety of surfaces including those of self-assembled
monolayers and polymers.

Much of what we understand about antimicrobial peptides (AMPs) has been based on
solution studies [13,15,17,21]. Previous studies indicated that wild-type MSI-78 adopts a
random coil conformation in aqueous buffer solution but forms an α–helical
conformation in the presence of lipid vesicles [28]. Recent studies have investigated
tethered peptides, but with a limited number of surfaces [14,74], or with a number of
other techniques [12,75].

Our first experiments focused on physical adsorption using octadecyltrichlorosilaine
(OTS) SAMs. Similar to environments seen in the lipid bilayers of target
cellular/bacterial membranes, MSI-78 freely adopted an α-helical conformation on OTS.
The orientation of a surface-immobilized α–helical peptide can be defined by a tilt angle

θ , which represents the angle between the principal axis of the helical peptide and the
surface normal. This tilt angle

θ

can be determined by measuring the

χ ppp χ ssp

ratio

of SFG Amide I signal of the helix, the details of which have been reported previously
[44-47]. The dependence of the

χ ppp χ ssp

ratio on the helix orientation angle for MSI-

78 is plotted in Fig 2.8 B. SFG ppp and ssp spectra detected from MSI-78 were fitted
using a standard SFG spectra fitting method [44] as shown in Fig 2.3 and Equation 2.1.
The measured

χ ppp χ ssp

ratio of the Amide I peak at 1650 cm-1 is 1.23, which is
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below the measured

χ ppp χ ssp

values for a single distribution in orientation (δ-

distribution, Fig 2.4 C). This is to be expected, since there likely is no preferred
orientation for MSI-78 in OTS and peptides can freely adopt any orientation adsorbed
on the SAM. As was expected, signal decreased when the surface was washed with
excess phosphate buffer.

Unlike OTS, all chemically functionalized surfaces used in this study were
predominately either hydrophilic, or marginally hydrophobic. Yet, both nMSI-78 and
cMSI-78 adopted α-helical conformations as seen from both SFG (Fig 2.4 B) and CD
(Fig 2.5 B). Upon chemical attachment to the maleimide-functionalized surface, MSI-78
looses significant entropy and free energy favored the enthalpy of folding. As a result,
even in phosphate buffer (where MSI-78 should assume a random coil structure), this
peptide is predominately helical at the surface.

Although MSI-78 has helix structure after surface immobilization via either attachment
position (n- or c-terminus), the measured orientations are quite different. While cterminally tethered MSI-78 shows clear resolvable signal with a measured orientation
value of ~20°, no discernable SFG signal is measured for nMSI-78 chemically
immobilized to 2-step click SAM surfaces (Fig 2.4 A). Because of the limitations of SFG
(discussed in Section 1.2.5), this result has three possibilities: (1) there is no peptide on
the surface, (2) this peptide adopts a random coil structure (since only preferentially
ordered Amide I can generate SFG signal), or (3) MSI-78 lies down on the surface. Two
other supplementary techniques, circular dichroism spectroscopy, and coarse-grained
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molecular dynamics simulations were used.

Results of circular dichroism (CD) measurements on surface bound MSI-78 indicate that
both peptide analogues immobilized via different termini exhibit α-helical structure (Fig
2.5 B), by comparing the CD structures of free peptide in buffer solution and in 2,2,2trifluoroethanol (TFE) (Fig 2.5 A). Performing molecular dynamics simulations on
chemically immobilized MSI-78 also supports results from SFG.

Surface chemistry may have an important role in peptide orientation, but not necessarily
secondary structure. In the case of all three functionalized surfaces; 2-step click SAM,
2-step APTES SAM, and dibromomaleimide polymer, each calculated orientation was
different. The calculated

χ ppp χ ssp

ratio of the Amide I peak at 1650 cm-1 for each

surface is 1.79, 1.95, and 1.21 respectively. These ratios (using Fig 2.8 B) correspond
to angles (relative to the surface normal) of 36°, 49°, and out of range, respectively.
Again, because dibromomaleimide (DBM) is less ordered, this could potentially lead to
MSI-78 having multiple orientations.

In searching for a more applicable surface, our focus shifted to other potential chemical
attachment schemes. The use of a different 2-step SAM, even though ultimately led to a
different peptide orientation, is a cost-effective alternative to 2-step SAMs using click
chemistry. Likewise, polymer coatings via CVD are ideal for practical applications
because such polymers can be deposit on any substrates. More importantly, the use of
DBM as a reversible surface (Fig 2.9) has great potential in biomolecule delivery, or
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situations where you need peptide both attached and removed from the same surface.

Antibacterial testing provides a direct measure of how attachment ultimately decides
biomolecule activity. Initially, it was our hypothesis that nMSI-78, a peptide which lies
down on maleimide surfaces, would have less activity than cMSI-78, a peptide that
stands up on maleimide. Due to the orientation of the peptide, the number of available
cysteines for chemical attachment would be lower for nMSI-78 since lying down would
block or prevent peptide from accessing those cysteines that nMSI-78 was covering.
Likewise, a peptide lying down would also have less access to a pathogen such as E.
coli, since its flat conformation (depending on the attractive forces of the maleimide
surface itself) would have a more difficult time interacting with bacteria. Results of the
bacteria test however were opposite our original hypothesis. Although counterintuitive to
our initial hypothesis, an ability for a peptide to interact and kill a pathogen (such as E.
coli) may be dependent on factors such as local environment and attachment point
rather than peptide orientation ultimately determining activity. A peptide in aqueous
media, the experimental conditions in SFG and CD, may only have solvent or surface
interactions, which would affect peptide orientation. On the other hand, the amphipathic
environment of an E. coli bacterial cell membrane is much different than aqueous
environment. As a result, peptides may easily interact with the surface, and peptide
attachment point may be the only factor governing activity. It will take activity testing
with other surfaces and conditions to ultimately answer this question.

2.5

Conclusion
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Anti-microbial peptides (AMPs) have enormous potential in areas of antibiotics,
pathogen identification, and cancer therapy. When these unique molecules are
intelligently tethered to solid supports, these functionalized materials become even
more important for next generation biosensors or bioactive textiles, just to name a few.
Understanding the surface conformation and orientation of these biomolecules is
critical, and the use of sum frequency generation (SFG) spectroscopy in combination
with circular dichroism (CD) spectroscopy, molecular dynamics simulations, and
antibacterial testing, has helped understand interaction behaviors at a molecular level.

In this study, an antimicrobial peptide, MSI-78, was tethered to an abiotic solid support
via different termini using cysteine maleimide coupling. Using an in situ surface
sensitive technique such as SFG, we observed that although both peptides form α–helix
secondary structures on the surface when tethered, they have very different
orientations. N-terminally labeled MSI-78 (nMSI-78) lies down on maleimide-terminated
surfaces whereas c-terminally labeled MSI-78 (cMSI-78) stands up. Secondary
structure on abiotic surfaces was confirmed by the use of circular dicroism (CD)
spectroscopy and peptide orientation was supported by molecular dynamics
simulations.

Activity testing was performed on both peptides in order to see how tethering site and
orientation determine antibiotic activity against E. coli bacteria. Results support the idea
that tethering site impacts activity and may not depend on orientation in aqueous
environment. In an investigation into more cost-effective or easily processable surfaces
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for peptide attachment, we looked at a 2-step SAM via APTES/NHS reaction as well as
a dibromomaleimide polymer. We see different and unique behavior for each, and
further testing (including antibacterial testing) are important to better understand their
surface-tethering behavior.

This in situ information helps rationalize how we may design better and more active
surfaces. In short, the use of noninvasive spectroscopies was necessary, due to the
limited sizes of the sample itself, to accurately describe its behavior.
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CHAPTER 3: Development of Broadband Coherent Anti-Stokes
Raman Scattering (CARS) Microscopy for Live-Cell Imaging and
Singular Value Decomposition (SVD) for Image Analysis
Portions of this chapter have been adapted from the following reference:
Khmaladze A, Jasensky J, Price E, Zhang C, Boughton AP, Han XF, Seeley E, Liu X, Banaszak Holl
MM, Chen Z. Hyperspectral Imaging and Characterization of Live Cells by Broadband Coherent AntiStokes Raman Scattering (CARS) Microscopy with Singular Value Decomposition (SVD) Analysis.
Appl. Spectrosc. 2014, 68(10):1116-1122.

3.1

Introduction

Raman microscopy has provided a direct way of imaging unstained, live cells with
chemical selectivity and without the need for fixation. The Raman process originates
from an inelastic scattering event between photon and chemical bond, where energy
transfer occurs, either from the bond to the photon, or visa versa. Since different bonds
not only have different strengths, but are also tether different molecules, most chemical
groups have unique Raman signals. This not only helps generate imaging contrast
(based on molecular vibrations of these molecules), but also is noninvasive, since the
imaging molecules are inherent to the biological cell or tissue.

Because of its unique imaging capability, Raman has been implemented in a variety of
biomedical applications such as DNA and glucose detection [1,2], tumor diagnostics
[3,4], microendoscopy [5], as well as tissue [6,7] and single-cell imaging [8]. Infrared
(IR) imaging, another microscopy based in imaging vibrational content, often is not ideal
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for such applications, since it is prone to high water absorption (often a critical
component of biological systems) and has poor spatial resolution.

Despite of its advantages, Raman scattering also has its limitations. Spontaneous
Raman scattering, which was previously referred to as “Raman scattering” is nondirectional, so emission of signal is isotropic. This often results in long acquisition times
and is not practical for sensitive samples [9,10]. This limits potential applications of
spontaneous Raman microscopy in dynamic living systems and samples sensitive to
external perturbation.

Such limitations can be circumvented by using multi-photon, vibrational coherent antiStokes Raman scattering (CARS) microscopy [11,12]. The development of CARS has
improved upon the limitations of spontaneous Raman therefore making it feasible to
image living samples without the need for cellular fixation or exogenous labels that may
perturb the observed system [13].

As discussed in Section 1.3, coherent anti-Stokes Raman scattering is a nonlinear
optical process involving three input photons and one outgoing photon. These three
input photons drive molecular vibrations and force vibrational resonators in the sample
to oscillate in phase. The resulting effect is that all signal photons scatter directionally,
making signal collection much more efficient. CARS intensity is greatly enhanced when
the frequency difference between the pump and Stokes beams, the two beams required
for the CARS process, matches the frequency of a Raman resonance [14]. Therefore,
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by recording this intensity as a function of the frequency difference between pump and
Stokes wavelengths and as a function of sample position, it is possible to obtain
spectroscopic information visually, by monitoring the distribution of a particular chemical
across a live cell or tissue.

Here, we employ a broadband CARS technique, where spectrally narrow pump beam is
coupled with spectrally broad Stokes pulse (see Fig 3.1). As a result, multiple Raman
transitions are excited within the bandwidth of the Stokes pulse and probed with the
narrow probe beam, which makes it possible to generate an entire CARS spectrum in
one acquisition. When this technique is used together with a scanning microscope, an
image can be acquired wherein each pixel contains the entire vibrational spectrum at
that point, forming a hyperspectral CARS image.

In order to extract chemical profiles consisting of multiple spectral peaks, data mining
techniques must be used. Examples such as principal component analysis [15-17],
hierarchical cluster analysis [18], classical least-squares analysis [19], and singular
value decomposition analysis [20-22] have been used in a variety of biological/polymerbased systems. Singular value decomposition (SVD) was, in our case, the most
appropriate technique for assigning image pixels to regions of different chemical
composition, because it did so without requiring prior knowledge of the spectra of the
pure components.

Our device and analysis methods are well suited for qualitative studies that seek to
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determine regions of different chemical composition within a cell. We demonstrate
several practical applications of our hyperspectral CARS imaging technique to
unlabeled biological systems. We also demonstrate the feasibility to use CARS imaging
to distinguish different chemical compositions in noisy images, even when the spectra
for the pure compounds would share similar or overlapping peak centers that could not
be distinguished using single-wavelength imaging.

3.2

Device Design

Our experimental setup is schematically illustrated in Fig 3.1. The pump and Stokes
beams required to drive the CARS process originate from a single Ti:Sapphire (Spectra
Physics) tunable oscillator operating at 800 nm, ~150 fs, and 80 MHz, and a photonic
crystal fiber (PCF, NKT Photonics), respectively.

Figure 3.1: Schematic of CARS Design. FI: Faraday Isolator, GP: Glan-Taylor Prism, BP/LP/SP:
band/long/short pass filter, DM: dichroic mirror, PCF: photonic crystal fiber. A single laser source
provides a narrowband pump pulse (green) as well as broadband Stokes pulse (red) using a PCF.
With a broadband source, two methods of detection were used for live cell imaging: univariate (with
PMT) and multivariate (with CCD) CARS imaging.
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The measured oscillator bandwidth full-width at half max (FWHM) is around 12 nm at its
operating wavelength. This bandwidth is the determining factor in the observed spectral
resolution of CARS. Unfortunately, this is too large to visualize any spectral features and
must be narrowed. This is achieved by a 3 nm bandpass filter, which optimized our
spectra resolution to ~50 cm-1. The spectral width of the Stokes beam, however, must
be large enough to capture all relevant chemical information in the sample. The
broadband Stokes beam, and corresponding PCF, are some of the main components
required for hyperspectral CARS imaging [23-27].

In order to generate CARS signal, both pump and Stokes beams must have spatial and
temporal alignment. When this condition is met, both beams are phase matched [11].
Spatial alignment is achieved by both a long-pass filter and a dichroic mirror; the
combination of these two elements pass the infrared (IR) component of the Stokes
beam (required for CARS), and reflect the lower wavelength pump beam. As for
temporal alignment, this is achieved by passing the Stokes beam through a delay line; a
physical delay forces a temporal delay and matches the path length of the pump beam.

For tight focusing required for CARS signal generation and effective sample
illumination, we used a 40x objective, standard or water immersion, and an x,y
galvanometer scanner (Thorlabs). The power measured at the sample was 6 mW. A
condenser lens collected the forward CARS signal. After the remaining pump and
Stokes light was filtered out, the signal was sent to a spectrometer (Oriel MS257 with
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adjustable entrance and exit slits), which housed both a photomultiplier (PMT) detector
used for single-wavelength imaging and a charge-coupled device (CCD) camera for
multi-wavelength spectral acquisition. The optical system is designed in such a way that
the scanning mirror is imaged onto an entrance slit of the spectrometer, eliminating the
need for descanning the signal beam. A set of Labview programs were developed to
control laser scanning, collect the CARS signal from both PMT and CCD detectors, and
analyze the hyperspectral data.

Photomultiplier-based image and spectral acquisition was performed similarly to any
traditional scanning microscope system: The intensity on the PMT was read at a
particular wavelength by adjusting the position of the diffraction grating inside the
monochromator. The second monochromator port hosted a CCD camera (Oriel
InstaSpec X model 78237), which permitted simultaneous detection within a broad (800
cm-1) spectral range. The location of this spectral range could be adjusted by moving
the grating.

Thus, our broadband CARS setup is capable of acquiring hyperspectral CARS images
in two ways. The first is a PMT-based detection method, which acquires a sequence of
CARS images at different wavelengths. If we are interested in a CARS spectrum at a
particular point, it can be subsequently reconstructed from the stack of the different
wavelength images by recording the intensity at this point as a function of
wavelength/wavenumber.
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The second method is based on the simultaneous detection of a portion of the spectrum
by a CCD camera, coupled with point-by-point x,y laser scanning. Since for our setup
the CARS signals at different wavelengths are generated simultaneously by scanning
the beam over the sample and recording the entire spectrum at each point, we acquired
a hyperspectral image of the sample. After the spectra for all image points have been
acquired, this 3D data set can then be displayed as a series of images corresponding to
individual wavelengths/wavenumbers.

Due to the strong, first-order Rayleigh scattering of the laser beams from the sample, by
placing a photodiode at the exit of the scanning microscope, it was possible to produce
an optical scanning image of the sample simultaneously with the CARS image [28]. This
optical scanning image has the same spatial resolution as the CARS image (around 500
nm), and the depth of focus was experimentally measured to be 1 µm.

3.3

Hyperspectral Data Analysis

The goal for data analysis in broadband CARS is to identify each independent chemical
profile of a given sample. Often biological samples consist of many biomolecules (e.g.
DNA [29,30], sugar [31], and lipid [32]) or localized chemical structures (e.g.
atherosclerosis plaques [16,33,34] or cancer [35]). Procedures such as k-means
clustering [36] and principle component analysis [17], are less tolerant to noise and
often require more assumptions. In contrast, singular value decomposition [22] does not
need prior knowledge of chemical composition and provided consistent results across
all experiments.
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Singular value decomposition (SVD) can be understood with three different viewpoints.
On the one hand, we can see it as a method for transforming correlated variables into a
set of uncorrelated ones that better expose the various relationships among the original
data items. At the same time, SVD is a method for identifying and ordering dimensions
along which data points exhibit the most variation. This ties in to the third way of viewing
SVD (and the one that ties in with our objective the best), which is that once we have
identified where the most variation is, it is possible to find the best approximation of the
original data points using fewer dimensions. This, in essence, allows us to identify
unique repeating structures in our data (i.e. chemical components) and visualize their
distribution in the original image.

Mathematically, we see that SVD takes the form of:

M = U ΣV *
where

M

(3.1)

is the ensemble of measured spectra (input data),

new to old basis (component spectra),

U

is the rotation from

Σ is a matrix of diagonal singular values (how

often a single component spectra occurs, and

V*

is measured spectra in the new basis

(component images). Elements of Equation (3.1) will be discussed in the next section
with an application of SVD in analyzing a polymer composite.

In practice, SVD was run on raw, unprocessed hyperspectral imaging data arranged as
an array of m variables x n spectra, using the “economy-sized” SVD implementation in
MATLAB R2011a. The resulting right and left singular vectors can respectively be
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A

B

2850 cm-1

3020 cm-1

Figure 3.2: Single-Wavelength Images of Polymer Beads. CARS images acquired at (A) 2850
cm-1 and (B) 3020 cm-1. Images show bright, localized regions corresponding to large PMMA beads
and smaller PS spheres. The different sizes of beads lead to the apparent rings on PMMA, as these
larger particles are not entirely in focus while PS is being imaged. Scale bars 20 µm.

described as component lineshapes and weighted contributions of all components to
each spectrum in the dataset. Since each pixel from a single image contains repeating
spectral features, the first several component lineshapes generated from SVD describe
all vibrational content in the system, and from this, these component lineshapes often
resemble those that would be obtained from constituent chemical components.

3.4

Applications of SVD on Hyperspectral CARS Data

3.4.1 Polymer Bead Mixtures.
Our first proof-of-method experiments were to demonstrate clear identification and
separation of two distinct chemical components, polystyrene (PS) and poly(methyl
methacrylate) (PMMA) within the same CARS image.
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PMMA
CARS intensity (a.u.)

CARS intensity (a.u.)

polystyrene

wavenumber (cm-1)

wavenumber (cm-1)

Figure 3.3: CARS Spectra of PS and PMMA. PS and PMMA have overlapping spectral features
between them making single-wavelength CARS imaging difficult. Chemical structures added for
clarity.

3.4.1.1 Materials and Methods.
A mixture of polymer beads was prepared by mixing aqueous suspensions of 3 µm
polystyrene (PS) (Sigma-Aldrich) and 8 µm poly(methyl methacrylate) (PMMA)
microspheres (Fluka Analytical). Mixtures were plated on glass slides and dried before
imaging.

3.4.1.2 Results and Discussion.
Fig 3.2 shows CARS images of a mixture of poly(methyl methacrylate) and polystyrene
beads acquired by PMT detection at the aliphatic CH stretching region of 2850 cm-1
(Fig. 3.2 A) and the aromatic CH stretching region at 3020 cm-1 (Fig. 3.2 B). As
expected, PS produces signal at both the aliphatic and aromatic CH stretching regions
(Fig 3.3), limiting the ability of single-intensity measurements.
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Alternately, CCD detection allows for obtaining spectral information for each point.
Images acquired at only a single wavelength may show bright or dark spots due to
factors other than a change in chemical composition. Within the image frame, the
intensity of the pump/probe or Stokes beam may vary, producing an uneven distribution
of CARS signal even if the sample is uniform. For example, as shown in Fig 3.2, the
edges of the beads appear dimmer than the center due to the sample’s geometry (a
change in the orientation of the bead surface with respect to the scanning beams). For
the above reasons, a single-wavelength CARS image contains both chemical and
optical information. Finally, it is also affected by the interference between the on- and
off-resonance signals, as well as non-resonant contribution of the cover slip and/or
medium.

U

∑

n=10
n=8

U (a.u.)

n=7
n=6
n=5
n=4
n=3
n=2

diag(∑)n (a.u.)

n=9

n=1

n

Wavenumber (cm-1)

Figure 3.4: SVD Elements. Component spectra (U) and component weighting (sigma) for
PS/PMMA mixture. Component 4 shows the best image spatial contrast when plotted against
original image. Only first 6 of 22500 components contain non-noise features, and after component 5,
occurrence of higher “n” components is minimal.
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Figure 3.5: Chemical Identification via SVD. (A) Component 4 plotted against the original CARS
image uniquely identifies PS from PMMA from background. (B) Looking at component intensity
(weighting) across each pixel allows user to set threshold values. (C) Resulting image after
thresholds are set. All three components are separately identified.

Hyperspectral imaging allows decoupling of the chemical and optical information via
comparison of overall spectral line shapes in different regions, thus enabling more
detailed and accurate classification of the chemical composition of the sample. Running
SVD produces two pieces of information: (1) component spectra (U) which are the new
orthogonal basis vectors (minimal components that show maximum variation), as well
as (2) the singular values (the frequency at which each component occurs). By
inspection, it is clear that of the 22500 spectral components, for every pixel in the
image, only the first 6 contain non-noise features. Therefore, all other components can
be ignored. Moreover, there is a significant decline in the frequency of observed
components past n=6, and therefore is further justification of negligible contributions for
these components.

Component 4, highlighted in red in Fig 3.4, shows similarity to the spectral signatures of
PS and PMMA. When this component is plotted against the original image (Fig 3.5 A),
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we can see clear separation between each polymer. This is verified by the size
difference between PS and PMMA, which removes uncertainty in SVD-based
identification. When the component intensity is plotted across each pixel (Fig 3.5 B),
this separation between polymers is also apparent. From this piece of data, threshold
values can be set, and a tricolor image can be generated highlighting each component
more clearly (Fig 3.5 C).

3.4.2 Live Cell CARS Imaging.
Since CARS microscopy is an ideal tool for noninvasive live cell imaging, our next goal
was to identify lipid droplets in cell types known to readily accumulate lipid. More details

A

B
cluster 2

media
CARS intensity (a.u.)

CARS intensity (a.u.)

dead pixels
cluster 1
cluster 3
cluster 5
cluster 10

10
9
8
7

wavenumber (cm-1)

wavenumber (cm-1)

cluster 4
cluster 6
cluster 8
cluster 9

wavenumber (cm-1)

lipid droplet
CARS intensity (a.u.)

CARS intensity (a.u.)

cytosol

6
5
4

cluster 7

3
2
1

wavenumber (cm-1)

Figure 3.6: K-Means Clustering Analysis on Live Cell Images. (A) Representative spectra from
each of the 10 clusters. Different regions of the image have varying amounts of CH (2850 cm-1) and
OH (3100 cm-1). It was only after 10 clusters that k-means was able to identify a component
representative of lipid (component 7). Clusters are not based on shape; same lineshape but different
intensity is grouped into a different cluster. (B) K-means clusters superimposed on top of original
CARS image. Color bar identifies k-means clusters.
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C
n=5
n=4

Component Intensity (a.u.)

A

n=3
n=2
n=1

Wavenumber (cm-1)

Figure 3.7: SVD Analysis on Live Cells. (A) CARS image of a live oocyte. (B) After running SVD,
component spectra are plotted. Component 3 shows the most similarity to the lipid droplet spectrum.
(C) Component 3 plotted against the original image recovers lipid signal seen in (A). Scale bar 50
µm.

of the cells and the biological significance of their lipid can be found in Chapter 4.

3.4.2.1 Materials and Methods .
Details of oocyte collection and preparation can be found in Section 4.2.

3.4.2.2 Results and Discussion.
In order to assess the best data mining technique for live-cell imaging for non-ideal
conditions (large noise and non-uniform sample illumination), both k-means clustering
and SVD were compared in their ability to accurately identify lipid content in mouse
oocytes. Overall, we were searching for a method that accurately identifies only unique
chemical spectra in hyperspectral images of multiple chemical compositions. K-means
clustering is a technique which partitions n number of observations (in this case,
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spectra) into k clusters. These clusters are defined and represented by their mean. Any
spectra features including peak centers, peak heights, etc. will be variables that kmeans clustering will consider. Details of SVD and it’s implementation in hyperspectral
CARS data sets are discussed in Chapter 4.

Fig 3.6 depicts representative results of k-means clustering from a typical oocyte image
under normal imaging conditions. Unfortunately, due to the quality of CARS data, kmeans clustering required 10 cluster assignments in order to identify pixels as lipids;
here we define lipid droplets as pixels which have a stronger peak at the CH stretching
region (2850 cm-1) in comparison to the OH stretching region (3100 cm-1).

Spectral signatures in Fig 3.6 A show similar peak shapes, and only their intensity
differs. Those peaks are grouped according to shape and identified as either pixels with
no information (dead pixels), media, cytosol, or lipid droplet. An image representing all
10 clusters is shown in Fig 3.6 B.

As demonstrated in this example, k-means clustering did not produce a concise result
when image quality is moderately high. The biggest disadvantage of k-means clustering
is its inability to identify components by peak shape only; intensity variation is factored
into the selection of clusters.

For comparison, the same oocyte and data set were analyzed by SVD. Results of this
are shown in Fig 3.7. The original CARS image (Fig 3.7 A) does show bright, localized
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signal at various locations in the cell, indicating lipid droplets. The resulting SVD
component spectra (Fig 3.7 B) highlight spectral features similar to those seen in the
cluster assignments from Fig 3.6. Choosing the component that best represents lipid
droplet (n=3) and plotting that against Fig 3.7 A (shown in Fig 3.7 C) produces an
image nearly identical in how lipids are visualized. Even for more noise-heavy data,
SVD was still able to accurately identify lipid droplets better than k-means clustering.

3.5

Conclusion

In conclusion, broadband CARS microscopy is a unique tool with promising applications
in noninvasive analysis. Its ability to image with chemical contrast and without the need
for cellular fixation or harsh labeling is ideal in nonterminal studies where delicate
samples are often needed for further testing. The use of a photonic crystal fiber and
CCD detection makes hyperspectral CARS imaging possible, and singular value
decomposition was the best method we found for image analysis and independently
identifying important chemical species. It is this technology that we will use to answer
important biological questions about the importance of lipid and its role in cellular
homeostasis as well as a biomarker for cell health.
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CHAPTER 4: Live-Cell Quantification of Mammalian Oocyte
Cytosolic Lipid Content Using Nonlinear Vibrational
Microscopy
The content of this chapter will be included into the following reference:
Jasensky J, Boughton AP, Khmaladze A, Ding J, Zhang C, Swain JE, Smith GW, Chen Z, Smith
GD. Live-Cell Quantification of Mammalian Oocyte Cytosolic Lipid Content Using Nonlinear
Vibrational Microscopy. 2015, in preparation.

4.1

Introduction

Lipid droplets are ubiquitous structures found in nearly all cells [1]. Despite their
established roles as facilitators for intercellular storage, energy availability, and
membrane regulation, the idea of lipid droplets as essential cellular organelles has
largely been neglected, and their importance in homeostasis and cellular function has
only recently been addressed [1]. In cell systems such as the mammalian oocyte,
intracellular lipids are found in various quantities [2,3], sizes [4,5], and compositions
[4,6], and are a contributing factor in many aspects of oocyte physiology.

Cytosolic lipids, along with sugar substrates such as glucose, are a crucial source of
endogenous energy for early oogenesis and subsequent embryogenesis [7-12], and
such a demand in lipids for energy usage is seen not only in oocytes with a large
amount of cytosolic lipid [13,14], but even in species where intracellular lipid content is
low [7,15]. Evidence of this association can be seen in energy-consuming events such
as meiosis. Meiotic progression causes a decrease in cytosolic lipid content [12,16,17]
74

and is accompanied by an increase in lipolysis [18]. When fatty acid metabolism is
inhibited, blastocyst development rates decline [8]. Furthermore, enhancing fatty acid
breakdown by the addition of L-carnitine to the culture medium during in vitro maturation
significantly improves oocyte development [14,15].

Lipid content, while playing an important role in the growth and development of
mammalian oocytes, is quantitatively inversely related to oocyte cryosurvival [19].
Components

of

the

cell

that

control

membrane

fluidity

and/or

regulate

water/cryoprotectant exchange impact dynamics of the freezing/vitrification process and
influence mechanical stresses experienced by the cell [20]. The cell composition effect
is especially important for oocytes that have a large cell volume and creates unique
problems for successful cryopreservation. The physical damage as well as the
biochemical stress caused by lipid during cryopreservation leads to very low embryo
survival rates [21-25]. Recent work reporting strategies of improving cryosurvival
demonstrate that delipation of porcine oocytes by either cytosolic extrusion or removal
significantly improves their survival rate [19]. In addition, culturing embryos in the
presence of compounds that reduce cytoplasmic lipid content improves cryotolerance
[26,27].

To date, excellent work has been done to quantitatively summarize lipid content [6,2831], composition [4,16,32-36], and behavior of lipid droplets [3,5,9,37] in both oocytes
and embryos of various mammalian species, but the methods used come at the cost of
cell lysis [29,32,33], fixation [4,16,34-36], or invasive labeling [5,6,9,28,31,37]. A few
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recent studies have focused on using spontaneous Raman spectroscopy to chemically
map fixed Metaphase II oocytes [38], as well as track biochemical progressions in
embryogenesis [39]. Although Raman spectroscopy is inherently non-invasive, the long
imaging times associated with spontaneous Raman inhibit live-cell imaging and hinder
this technology’s progression to clinical application. Due to the necessity of lipids for
mammalian oocyte overall health, and the conditions in which many oocytes are used
for non-terminal studies, there is need for a fast, live-cell noninvasive method to quantify
cytosolic lipids. Such a technique would be useful not only for studying fundamental
oocyte biology, but also for assessment and prediction of developmental competence in
assisted reproductive technologies.

To this end, we explored a non-invasive method for the quantification of lipid in oocytes
using coherent anti-Stokes Raman scattering (CARS) microscopy. CARS microscopy is
a type of vibrational microscopy, capable of determining qualitative and quantitative
information about molecular signatures and their distributions (details of our instrument
are outlined in Chapter 3) [40]. This particular design implements a broadband
excitation source allowing for both single-wavelength image acquisition, which
generates CARS-PMT images, as well as a full spectra data set per pixel, or CARSCCD images. Because CARS is a coherent process, acquisition times can be kept short
for either method- entire images can be acquired within seconds to minutes, which is
ideal for live samples that are highly sensitive to external stresses and are needed for
continued development [41]. By determining total lipid content and lipid distributions
based on CH stretching signals at 2850 cm-1, a reliable, noninvasive assay can be
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developed to measure intra-oocyte lipid content allowing for selection of cells based on
predetermined criteria for maximal growth and survival.

4.2

Materials and Methods

4.2.1 Oocyte Collection/Preparation.
Oocyte samples were collected and prepared by our collaborator, Professor Gary
Smith’s research group in Department of Obstetrics and Gynecology, Physiology, and
Urology at the University of Michigan. All animal procedures described within were
reviewed and approved by The University Committee on Use and Care of Animals at
the University of Michigan and were performed in accordance with the Guiding
Principles for the Care and Use of Laboratory Animals. Human oocytes were obtained
from the University of Michigan Center for Reproductive Medicine and were immature,
unusable in an in vitro fertilization treatment cycle, and would otherwise have been
discarded. Proposed use of otherwise discarded, de-identified, human oocytes was
reviewed by the University of Michigan Medical School Institutional Review BoardMedicine (IRBMED #2001-0479) and considered “not regulated”. Unless stated
otherwise, all chemicals were used as received.

4.2.1.1 Murine Wild Type Oocytes.
Mouse meiotically incompetent germinal vesicle intact (GVI) oocytes were collected
from female CF-1 mice (Harlan) at day 11-13 (d0=birth) by manually rupturing of preantral follicles. Oocytes were denuded and washed by repeatedly mouth pipetting in
human tubal fluid + Hepes media (HTFH; Irvine Scientific) supplemented with 0.3%
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bovine serum albumin (BSA; Fisher Scientific).

Mouse meiotically competent GVI

oocytes were collected from antral follicles of female CF-1 mice at day 21 after 42-44h
5IU equine chorionic gonadotropin (eCG; Sigma Aldrich) stimulation. The cumulusenclosed oocytes were isolated by manually rupturing antral follicles, then denuded and
washed in HTFH/0.3% BSA supplemented with 40 µM isobutylmethylxanthine (IBMX;
Sigma Aldrich) to maintain meiotic arrest. Mouse metaphase I (MI) and metaphase II
(MII) oocytes were collected at 7 h and 18 h culture after removal of IBMX, respectively.

4.2.1.2 Non-Murine Oocytes.
Bovine germinal vesicle (GV) stage oocytes were collected by aspiration from
slaughterhouse ovaries, washed and placed into maturation media as previously
described [42]. Oocytes were then matured in a 38.5°C incubator (5% CO2, 5% O2, 90%
N2) with 100% humidity for 14 h or 22 h to isolate MI and MII oocytes, respectively.
Porcine oocytes were collected from slaughtered gilts by aspiration and then washed
and placed in oocyte maturation media [42].

4.2.1.3 Murine ob/ob Oocytes.
Ten-week-old mouse ob/ob females were used for oocyte collection without hormone
stimulation. Mouse meiotically incompetent and competent GVI oocytes were collected
from pre-antral and antral follicles of the ovaries, respectively. Meiotically competent
GVI oocytes from ob/ob females were transferred to center-well dishes containing
HTF/0.3% BSA and cultured at 37°C in 5% CO2 incubator for 18h yielding MII oocytes.
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4.2.1.4 Pre-Imaging Oocyte Handling.
In preparation for CARS imaging, denuded oocytes for all experiments were quickly
rinsed four times in HTFH/40µM IBMX media and placed onto the Poly-L-Lysine (Sigma
Aldrich) coated glass-bottom petri dish (Ted Pella) containing 1-2mL HTFH/40µM IBMX
media.

4.2.2 Fluorescence Imaging.
Fluorescence microscopy was used to image lipids in oocytes to validate CARS imaging
results. In fluorescence imaging experiments, fixed oocytes were stained using Nile
Red, a solvatochromatic dye [43] and counterstained with Hoechst33342 (Sigma).
Meiotic stage was verified with Hoechst stain of DNA. Nile Red has been used
previously to quantitatively assess lipid content in bovine oocytes [6,28,31,44]. Briefly,
oocytes from porcine, bovine, murine, and human were adhered to Poly-L-Lysine
coated coverslips and fixed overnight using 2% paraformaldehyde.

Fixed oocyte samples were triple washed with 1xPBS next day, stained with 100 nM
Nile Red (Sigma) for 20 min at room temperature, then washed one time with 1xPBS
and then stained with Hoechst33342 (5 µg/ml, Sigma) for 10 min. After Hoechst
staining, oocyte samples were triple washed with 1xPBS, mounted in 90% glycerol with
anti-fading reagent and analyzed via confocal microscopy. Confocal fluorescence
imaging was performed at either the University of Michigan Single-Molecule Analysis in
Real-Time (SMART) Center or Microscopy and Imaging Analysis Laboratory (MIL).
Fixed, stained, and mounted oocyte confocal fluorescence images were taken using a
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water immersion objective (Olympus, 60x 1.2 NA). Excitation source was tuned to 488
nm for Nile Red visualization as well as 405 nm for Hoechst visualization.

4.2.3 CARS Imaging.
Fig. 3.1 shows the schematic of our broadband CARS setup (see Chapter 3 and
reference [45] for a detailed description). Briefly, CARS is a third-order nonlinear optical
process involving two laser beams: photons with frequencies ω p and ωS (pump and
Stokes respectively), interact with the sample and generate a coherent optical signal at
the anti-Stokes frequency ( 2ω p − ωS ). Image contrast arises from the variations in
chemical composition within the sample. Each individual chemical component has a
unique Raman frequency, which consequently generates a chemical image for each
unique species. In this way, image contrast is generated without perturbation to the
sample (e.g., without the need to attach fluorescence labels). The pump and Stokes
beams required to drive the CARS process originate from a single Ti:Sapphire (Spectra
Physics) tunable oscillator operating at 800 nm, ~150 fs, and 80 MHz, and a photonic
crystal fiber (PCF, NKT Photonics), respectively.

The resulting Stokes beam generated from the PCF is spectrally broad, which
simultaneously excites all Raman vibrational modes in a sample. This allows our system
to have the capability for both single wavelength detection by a photomultiplier tube
(PMT), selecting only a single Raman frequency to collect, as well as broadband
detection by a charge-coupled device (CCD) camera, collecting a large spectral window
(~800 cm-1). Methods of image analysis will be discussed in the Section 4.2.4 and
80

B1

Wavenumber (cm-1)

component 1
component 2
component 3
component 4
component 5

C1

Component Weighting

media
cytosol
lipid droplet

Component Intensity (a.u.)

CARS Intensity (a.u.)

A1

lipid droplet
cytosol
media

Pixel Number

Wavenumber (cm-1)

A2

2850 cm-1

B2

SVD-processed

C2

threshold

D1

brightfield

D2

Nile Red; fluor.

D3

threshold

Figure 4.1: Multivariate Lipid Analysis and Droplet Identification. (A1,A2) Based on spectral
signatures of various locations around the image, lipid droplets are defined as having large
contributions of CH and lower amounts of OH. When reconstructing the data at 2850 cm-1, we see
visual conformation of lipid droplets. (B1,B2) After running SVD and choosing a component with a
similar spectral lineshape, a component overlay is generated, matching A2. (C1,C2) Plotting the
weightings of a particular component allows for cutoffs to be assigned, and a threshold image is
generated. (D1-D3) Qualitative comparisons of brightfield, fluorescence by Nile Red, and CARS are
shown. Scale bars 50 µm.

illustrated in Fig. 4.1 and 4.2.

All CARS imaging was done at room temperature (20°C) using a water-immersion
objective (Olympus, 40x, 0.65 NA). Single-wavelength images were generated by
observing CARS signal at 2850 cm-1 corresponding to CH2 lipid signature. All oocyte
images were generated at the equatorial position of the cell, the z-position where the
zona pellucida was sharpest in the microscope binocular. The laser power at the sample
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was ~6 mW and imaging times were 4 min per oocyte for CARS-PMT imaging and 20
min for CARS-CCD imaging. CARS signal generated from the sample was collected (in
forward direction) by a condenser lens, and after the remaining pump and Stokes light
was filtered out by a shortpass filter, was sent to a spectrometer (Oriel MS257) for
acquisition by either imaging device.

4.2.4 Image Analysis.
Quantification of cytosolic lipid content requires the ability to: (1) accurately identify each
lipid pixel in the CARS image as predominantly containing contributions of CH, and (2)
from this identification, calculate the percentage of cell area containing lipid. Both single
(CARS-PMT)

and

multi-wavelength

(CARS-CCD)

detection

methods

require

independent methods of analysis to extract and calculate cross-sectional lipid
percentage. Those methods are discussed below.

4.2.4.1 Multivariate: Singular Value Decomposition (SVD).
Multiplex images captured by the CCD camera contain the entire CARS vibrational
spectrum at every pixel. In order to accurately identify lipid droplets in multivariate
images, singular value decomposition (SVD) was implemented. The goal of SVD is to
identify the most meaningful basis to re-express a data set, such as identifying the
fewest number of unique spectra that make up all spectra within an entire image. Unlike
similar procedures such as k-means clustering and principle component analysis, SVD
is more noise-tolerant and requires fewer assumptions. It provided consistent results
across all experiments.
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In practice, SVD was run on raw, unprocessed hyperspectral imaging data arranged as
an array of m variables x n spectra, using the “economy-sized” SVD implementation in
MATLAB R2011a. The resulting right and left singular vectors can respectively be
described as component lineshapes and weighted contributions of all components to
each spectrum in the dataset. Since each pixel from a single image contains repeating
spectral features, the first several component lineshapes generated from SVD generally
describe all vibrational content in the system, and from this, these component
lineshapes often resemble those of constituent chemical components. Reference
unprocessed spectra (Fig. 4.1 A1) of three distinct regions typical of the chemical
content found in oocytes show relative contributions of CH (lipid, 2850 cm-1) and OH
(water, 3200 cm-1). It was found that media (the region outside of the oocyte) lacks

A1

A2

A3

2850 cm-1

threshold

Lipids

B1

brightfield

B2

Nile Red; fluor.

B3

threshold

Figure 4.2: Univariate Lipid Analysis and Droplet Identification. (A1-A3) Lipid droplets in singlewavelength images are identified via intensity-based thresholding. Plotting pixels by increasing
intensity and setting a cutoff results in a threshold image which looks similar to that seen for CARS
imaging at 2850 cm-1. (B1-B3) Qualitative comparisons between brightfield, fluorescence imaging
with Nile Red, and CARS microscopy. Scale bar 50 µm.
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strong contributions of lipid, therefore mostly signals are attributable to liquid water.
Likewise, lipid droplets (regions of dense lipid concentration) show large CH signal
intensity; such signals are from the CH2 groups mostly contained in the lipid alkyl
chains. From SVD, we are able to characterize and label each lipid droplet by choosing
the component lineshape most closely representing reference spectra generated from
pure components consisting of lipid (Fig. 4.1 B1). Once a single component has been
identified as best representing a lipid chemical signature (a predominant signal at 2850
cm-1), the contribution of the given component is plotted across each pixel (Fig. 4.1 C1)
within the original image (Fig. 4.1 A2) to facilitate visual inspection of the data (Fig 4.1
B2). Lipid droplets were assigned based on choosing cutoffs for the pixels with sufficient
contribution of lipid signal. Pixels with a smaller, but nonzero, lipid contribution are
identified as cytosol. Once these components are identified a tricolor image is
generated (Fig. 4.1 C2) and lipid content can be calculated as the ratio of pixels
identified as lipid over all pixels identified as the oocyte or:

oocyte lipid droplets (% of visible cell area) =

# pixelslipid
# pixelslipid + # pixelscell

(4.1)

4.2.4.2 Univariate: Intensity-Based Thresholding.
For PMT images, information from each pixel is given as a single intensity value, or the
CARS intensity at a single wavelength. For this type of data set, intensity-based
thresholding is required for lipid identification since it is known that image contrast
comes from the difference in lipid amount per pixel. A GUI-based interface was
developed in MATLAB (The MathWorks, Natick) to identify pixels from the image that
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are lipid droplets. A top-hat filter and Weiner denoising filter were used to remove
artifacts due to inhomogeneous illumination and strong pixel-to-pixel variation in the
image, respectively. Once all filters were applied, a threshold value is determined that
identifies all highest-intensity pixels as lipid droplets (Fig. 4.2 A1). Metrics to define an
appropriate threshold value included a side-by-side comparison of threshold-generated
image to original CARS-PMT image (Fig. 4.2 A2 and A3). After a sufficient overlap of
identified pixels was determined (in most cases, although dependent on each data set,
was around the strongest 10% of pixels), lipid content was calculated in an identical
manner using Equation (4.1).

4.3

Results

4.3.1 CARS Microscopy for Live Oocyte Imaging.
A combination broadband and narrowband CARS system was designed for use in lipid
droplet identification and quantification in live mammalian oocytes; details of this setup,
its features, and subsequent image analysis are presented in Chapter 3 and Section
4.2. Because of their varied cellular chemistry and surrounding media, illumination with
different wavelengths produces different chemical maps of the same live oocyte. When
input light is tuned to match the OH stretching vibrational mode (3100 cm-1), that
indicative of water, CARS signal is shown diffuse and homogenous throughout and
around the oocyte. When tuned to the CH stretching vibration (2850 cm-1), bright
localized signal is seen, which can be identified as cytosolic lipid droplets (Fig. 4.3).

Although Figure 4.3 is an example of single-wavelength CARS imaging and the
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Figure 4.3: Chemical Mapping in Live Oocytes. Broadband CARS imaging, as seen in the energy
diagram, requires input light of at least two unique frequencies. When the frequency of the Stokes
bream is varied (red) different chemical distributions can be visualized. (a) Water signal (3100 cm-1)
shows diffuse signal through the oocyte and surrounding media. (b) Lipid signal (2850 cm-1) is bright
and localized. Scale bar 50 µm.

resulting micrographs are chemical distributions of independent chemical species, our
input light is broadband (red) which results in the ability to image several different
chemistries inherent in the sample simultaneously not often seen in assay-driven CARS
microscopy using PMT detection and single wavelength imaging.

4.3.2 Lipid Droplet Identification Using CARS-CCD.
Our first experiments were to validate not only CARS microscopy as a noninvasive
imaging tool for live oocytes, but also assess its ability to qualitatively identify lipid
droplets similar to well-established techniques such as fluorescence microscopy.
Spectral signatures (Fig 4.1 A1) of oocytes collected via charged-coupled device (CCD)
contain the presence of both CH (lipid) and OH (water) signals in different ratios
corresponding to various regions of the micrograph; isolating only the CH intensity at
2850 cm-1 produces an image that highlights lipid droplets (Fig 4.1 A2).
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Results of SVD analysis reveal that the first several component spectra mimic chemical
components found in Fig 4.1 A1. Choosing the component that most closely represents
lipid (Fig 4.1 B1, component 3) and processing the image (Fig 4.1 B2), more of which is
explained in Section 3.3 and 4.2, produces an image similar to Fig 4.1 A1. Setting
appropriate cutoffs results in a threshold image, lipids identified, and similar to that in
Fig 4.1 A2. This threshold image is then used for subsequent lipid droplet quantification.

Comparisons between three different imaging modalities: brightfield, fluorescence
imaging with fixed/stained oocytes using Nile Red, and live-cell CARS imaging of
germinal vesicle intact (GVI) meiotically competent (MeC) oocytes (Fig 4.1 D) show that
not only is brightfield imaging lacking in chemical contrast, but that qualitatively both
fluorescence and CARS microscopy identify lipid similarly.

4.3.3 Lipid Droplet Identification Using CARS-PMT.
With both multivariate (CCD) and univariate (PMT) imaging capabilities, our next
objective was to compare lipid droplet identification in PMT imaging to that seen with
fixed and stained oocytes. Unlike CCD hyperspectral data sets, PMT images contain a
single intensity value per pixel. Therefore, the proper method for lipid identification,
intensity-based thresholding, looks for those pixels that have the strongest CARS
intensity (Fig. 4.2 A1), or in the top 60%. Once identified, a composite threshold image
is generated (Fig 4.2 A3) and cross-referenced with lipid signatures at 2850 cm-1 (Fig.
4.2 A2).

87

A

CARS-CCD

Nile Red; fluor.

Oocyte Lipid Droplets
(% of visible cell area)

CARS-PMT

B

PMT

CCD

Nile Red

Figure 4.4: Lipid Droplet Quantification. (A) Representative micrographs of each imaging
modality. Black indicator lines on color bars indicate where thresholding value is set. (B)
Quantification results show good agreement with all three techniques. Scale bar 50 µm.

Fig 4.2 B shows the comparison of brightfield imaging to two chemically specific
microscopies. Fig 4.2 B1 shows no chemical information while Fig 4.2 B2 and B3
identify similar distributions of lipid droplets with fluorescence of fixed/stained oocytes
and CARS of live oocytes.

4.3.4 Quantification of Lipid Droplets in CARS and Fluorescence Microscopy.
Calculated lipid content in all three imaging modalities: CARS-PMT (n=15), CARS-CCD
(n=18), and Nile Red fluorescence imaging (n=10), show smiliarlity. Representative
micrographs of each technique are shown in Fig 4.4 A with thresholding values
indicated on the colorbars with black lines.

CARS, a third-order nonlinear optical process, suffers from nonresonant background.
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Details of this have been covered in Section 3.2 and will be elaborated upon in the
Discussion section below. CARS-PMT suffers from this background the most and
likewise underestimates the amount of lipid as compared to CARS-CCD. In spite of a
strong nonresonant background, imaging times for CARS-PMT (2-4 minutes) are much
more conducive to live oocyte imaging as compared to CARS-CCD (20 mintues) and
were subsequently used as the primary noninvasive imaging technique.

4.3.5 Cross-Species Comparison of Lipid Content in Mammalian Oocytes.
Porcine (n=10), bovine (n=10), murine (n=7), and human (n=3) Metaphase I (MI)
oocytes were used for our development of lipid quantification in mammalian oocytes
using univariate CARS lipid analysis, CARS-PMT. Univariate CARS images collected of
all 4 species demonstrated similar lipid droplet morphology and distribution when
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Oocyte Lipid Droplets
(% of visible cell area)
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Nile Red; fluor.

Species
Figure 4.5: Lipid Droplet Quantification Across Mammalian Oocyte Species. (A) Representative
micrographs of both CARS-PMT and Nile Red fluorescence with their respective thresholded
images. (B) Quantification results show good agreement between fluorescence and CARS. Scale
bar 50 µm.
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Figure 4.6: Lipid Content in Meiosis. All three imaging modalities capture identical trends, an
increase in lipid content as oocytes gain meiotic competence and a decrease in lipid content as
oocytes resume meiosis.

compared to fluorescence images fixed/stained with Nile Red (Fig 4.5 A), and most
importantly, percentages calculated with live-cell CARS-PMT are well correlated with
fluorescence microscopy using a Pearson’s correlation calculation (R=0.92; Fig 4.5 B).
Quantitatively, cytosolic lipid content using CARS imaging measured in porcine, bovine,
murine, and human oocytes are 21.1±2.0%, 4.5±0.9%, 1.1±0.1%, and 0.4±0.04%
(p<0.05; Fig 4.5 B), respectively, which agrees with trends stated previously [29].
Additionally, this technology allowed the first-ever quantification of lipids in living human
oocytes (Fig. 4.5 A).

4.3.6 Oocyte Growth and Development.
CARS microscopy was used to quantify cytosolic lipid content in murine oocytes
through oogenesis, based on non-survival studies suggesting an association of
intracellular lipid and oocyte growth and development [7,10,15]. The use of broadband
CARS microscopy by CCD and PMT-based detection (CARS-CCD and CARS-PMT,
respectively) allowed for live-cell imaging of oocyte growth from germinal vesicle intact
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meiotically incompetent (MeI) oocytes to germinal vesicle intact meiotically competent
(MeC) oocytes, as well as the first meiotic progression to Metaphase II (MII). The details
on analysis and lipid quantification of broadband CARS images detected using both
techniques have been outlined in the Section 3.3 and Fig 4.2 and 4.3.

Live-cell imaging results using both CARS-PMT and CARS-CCD showed an increase in
cytosolic lipid content as oocytes gain meiotic competence in preparation for the
energy-consuming events of meiosis (CARS-PMT: MeI:0.6±0.1%; MeC:1.1±0.1%,
p<0.05) (CARS-CCD: MeI:1.1±0.1%; MeC:2.2±0.2%, p<0.01). As oocytes resumed
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Figure 4.7: Lipid Content in Metabolic Disorder. Lipid droplet amount is markedly larger in all 3
developmental stages addressed with both (A) CARS-PMT and (B) Nile Red fluorescence.
Significance was seen in MeC oocytes. Scale bar 50 µm.
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meiosis and matured to Metaphase II, cytoplasmic lipids significantly decreased (CARSPMT: MII 0.7±0.2%, p<0.05) (CARS-CCD: MII:1.5±0.2%, p<0.01), as demonstrated in
Fig

4.6. Differences were confirmed in fixed/stained oocytes (MeI:1.1±0.2%;

MeC:2.5±0.2%; MI:1.5±0.2%, p<0.01) using Nile Red.

4.3.7 Cytosolic Lipid Content in Metabolic Disorder.
Fig 4.7 shows the quantification of lipid content during oocyte growth and acquisition of
meiotic competence (MeI to MeC transition) and resumption of oocyte meiosis
(development to MII) using live-cell univariate CARS and fixed-cell fluorescence
imaging. Mice exhibiting obesity caused by a mutation that inhibits production of leptin
hormone (ob/ob) showed a marked increase in cytosolic lipid content for all three
meiotic states (MeI, MeC, and MII) with significance seen in MeC oocytes. These
oocytes also demonstrate a similar behavior in lipid usage through growth and
development as seen in wild type oocytes. Representative CARS-PMT (Fig 4.7 A) and
fluorescence (Fig 4.7 B) images of both wild type and ob/ob mice are shown.

The phenotypical response seen in oocytes of mothers who present metabolic disorder
is a unique result with potential clinical impact, highlighting both the role of lipid as an
intrinsic biomarker and the specific utility of CARS imaging. Differences in lipid content
that vary within one donor’s population may have significance on which oocytes have
the best chance for survival.

4.4

Discussion
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For the identification and quantification of cytosolic lipid content in live cells, coherent
anti-Stokes Raman scattering (CARS) microscopy has demonstrated value in
determining the dependence on lipid in oocyte physiology and homeostasis. Its
noninvasive and label-free characteristics make it a promising tool for non-terminal
studies on mammalian oocytes. We feel that, as a new technology in the field of
reproduction, CARS microscopy has overcome many technological difficulties with livecell chemical analysis.

Lipid as a dynamic organelle is becoming increasingly important as an intrinsic
biomarker for oocyte health assessment. The role of this macromolecule role in energy
and homeostasis allows techniques such as CARS microscopy to have predictive power
for rational decision making regarding many areas of oocyte biology and reproductive
therapies. Previous literature from several groups in oocyte lipid biology [9,12,15] have
concluded that lipid is a necessity for successful embryogenesis. CARS microscopy, as
shown in Fig 4.6, has the ability to distinguish changes in lipid content for three
important points in oocyte growth and development. More importantly, oocytes that are
morphologically similar, in the case of MeI and MeC oocytes, have the ability to be
chemically distinguishable. These results become increasingly important when
considering oocytes with low lipid content and in turn developing a meaningful method
of which to monitor changes in this lipid content. This quantifiable difference between
oocytes has potential in fertility preservation where few numbers of oocytes are often
the norm, and decisions about the best outcome for survival for all oocytes can be made
easier by a technique such as CARS microscopy.
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Both CARS-CCD and CARS-PMT live-cell imaging are capable of identifying changes in
cytosolic lipid content that match fluorescence staining of fixed cells in terminal studies.
Although CARS-CCD imaging is faster than spontaneous Raman imaging [46,47], it is
much slower compared to CARS-PMT imaging. CARS-CCD has value in its ability to
elucidate a more complete chemical profile and can be used where oocytes must stay
alive, but are not used for non-terminal studies.

Using fixed oocytes and non-viable staining, past studies have demonstrated that
oocyte lipid content of different species vary significantly [4,12,29]. Imaging mammalian
oocytes allowed for the opportunity to quantify the similarities in lipid quantification
between both fluorescence and CARS. Several species of mammalian oocytes ranging
from murine to porcine have varying amounts of cytosolic lipid, with all of these species
having been measured by invasive methods such as staining [6], gas chromatography
[29], and mass spectrometry [32]. The above quantitative values were generated from
live oocyte CARS-PMT images collected within seconds to minutes, which is
advantageous when dealing with cells that are highly sensitive to environmental
perturbations that would compromise fertilization, embryogenesis, and/or establishment
of a pregnancy. With the large lipid content seen in oocytes of species such as bovine
and porcine, a method for quantifying such a biomarker would be invaluable for
improving cryosurvival.

Benefits of a live-cell technique can been seen for domestic species. Species with
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known difficulties in successful oocyte cryopreservation (e.g. bovine and porcine
oocytes) have seen dedicated research in the goal for increasing survival rates.
Chemical treatments such as phenazine ethosulfate have shown to decrease cytosolic
lipid content [27], and ultimately enhance cryopreservation success. With the advent of
CARS microscopy in such context, tailor-made treatments can hope to improve
cryosurvival without comprising oocyte viability due to fixation or external labeling.

Results from this study demonstrate that not only does CARS microscopy have the
ability to quantify lipid content in live oocytes, but these finding emphasize the
importance of energy substrate accumulation during oocyte growth and cytosolic lipid
reduction during energetically demanding processes such as meiosis. In addition, MeI
and MeC oocytes, although morphologically similar, can be identified independently by
their cytosolic lipid content. Such differences in lipid content, although small, were
resolvable using this live-cell technique.

Strong correlations exist that link obesity to infertility, yet the causative factors are poorly
understood [48]. While many factors contribute to fertility, the relationship of body
composition to oocyte cytosolic lipid content has not been previously addressed. CARSPMT imaging was further used to measure intracellular lipid content of oocytes from
mice exhibiting obesity.

As the miniaturization and cost reduction of the major components of CARS microscopy
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such as the laser, optical components, and detection system continue, opportunities for
clinical analysis become a possibility. For metabolic diseases, CARS microscopy can
further be used to correlate the causative factors that link obesity to infertility. In doing
so, fertility preservation can also be enhanced with the induction of CARS microscopy.

4.5

Conclusion

Cytosolic lipids are a unique, yet essential resource for all mammalian cells, and their
functions span a great range of cellular processes, some of which include energy
supplementation. In search of a noninvasive method for accurate assessment and
quantification of cytosolic lipid content, CARS microscopy has been found to be a
valuable tool for single, live cell imaging. In conclusion, we have demonstrated that this
technique can be used to quantify lipid content from living oocytes across a variety of
species, including human, and with sensitivity capable of identifying intra-oocyte lipid
changes in relation to body composition and during developmental events that are
energy-consuming. There is still much to be learned about the role of lipids in cells, and
the measurements made possible by using CARS can lead to greater insights into
between cytosolic lipids, cellular energy homeostasis/consumption, and development
biology. Additionally, because this live-cell technology would not hinder further oocyte
development, future studies could investigate clinical applications in oocyte and embryo
selection for human assisted reproductive technologies. As an example, because lipid
content in oocytes/embryos is inversely related to cryosurvival [49], one can envision
live-cell CARS utility in rational-decision-making in applications of oocyte/embryo
cryopreservation for fertility preservation and/or infertility treatments. Finally, this live-cell
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imaging of oocytes/embryos will also influence improvement of genetic gain in domestic
species, and advance opportunities and efficiencies in rodent medical-genetic modeling.
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CHAPTER 5: Assessment of Acrosome Reaction in Human
Spermatozoa Using Nonlinear Vibrational Microscopy
5.1

Introduction

In order to fertilize an oocyte, spermatozoa must undergo capacitation and acrosome
reaction (AR) [1]. Capacitation typically occurs in the female reproductive tract and
involves biochemical changes in the sperm membrane allowing better binding to the
oocyte [2]. When capacitated spermatozoa reach the oocyte, they undergo AR as a
response to the zona pellucida of the ovum. The AR involves fusing of the acrosome
membrane and the outer membrane of the spermatozoon thereby exposing antigens
and the enzymes hyaluronidase and acrosin to the oocyte [3,4]. This makes the
spermatozoon capable of penetrating and fertilizing the egg. Spermatozoa that are not
able to undergo AR or spermatozoa that prematurely undergo spontaneous AR are not
able to fertilize the egg [5,6]. This, among other factors in male infertility, makes up 20%
of all cases where male factor is solely responsible, and another 30-40% where male
factor is contributory [7].

When couples with male factor infertility are presenting for assisted reproductive
technology (ART), semen parameters have an important role in determining the best
possible procedure. In cases of oligospermia or azoospermia (with sperm retrieval) the
couple will have to undergo intracytoplasmic sperm injection (ICSI) [8]. In theory, only
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one spermatozoon per oocyte is needed for injection but the frequency of abnormalities
in the sperm increases with increased severity of the male factor infertility. Therefore, it
is important to select spermatozoa with sufficient fertilizing capacity and semen
parameters are insufficient for determining fertility potential. Of importance in fertilization
is the AR and failure of capacitated sperm to undergo AR is associated with lack of
fertilization in vivo and in vitro. Even when performing ICSI, the implantation rate and
delivery rate is higher using AR sperm [9,10]. This would encourage the use of AR
spermatozoa in ICSI and selecting spermatozoa, which have undergone acrosome
reaction and without compromising their vitality, is crucial.

A major problem in the identification of the acrosome reaction of human spermatozoa is
that the acrosome loss cannot be observed on living spermatozoa by phase contrast or
differential interference contrast microscopy [11]. Currently, acrosome reaction can be
determined by an AR assay where processed sperm is treated with calcium ionophore
and then fixed and stained with fluorescein isothiocyanate (FITC) labeled Pisum
sativum agglutinin and analyzed using a standard fluorescence microscope [11]. Pisum
sativum agglutinin (PSA) has been proposed as an acrosomal stain based on the
empirical finding that, when applied on permeabilized spermatozoa, it gives essentially
the same staining patterns as an antiserum to the acrosomal enzyme acrosin [12].
Unfortunately, this technique is rather time consuming, and requires fixation and
staining, which kills the analyzed spermatozoa and renders them unusable for ICSI or
other fertility therapies.
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Coherent anti-Stokes Raman scattering (CARS) microscopy promises to be a viable
alternative; it’s a non-invasive technique that can be performed on live cells and does
not require staining. In many areas of biology and life sciences, CARS has been used to
identify biomarkers in health and disease, to provide alternatives to biopsies and
staining in pathology, and to elucidate the importance of lipids in biology and medicine
[13-19]. Using this technique, it could be possible to determine acrosome reaction
without harming the analyzed spermatozoa.

The objective of this study is to investigate if CARS can determine AR and to optimize
the procedures when using this technique. It will be important to first develop a robust
criterion for the identification of AR in human sperm cells using CARS microscopy.
Details of system design and development of AR-identifiable criterion will be discussed

Figure 5.1: Narrowband CARS Schematic. Labels are included to the left of the diagram. All of the
elements are present to perform both broadband CARS (with the included PCF) as well as
narrowband CARS (with the OPO).
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in the sections below.

5.2

Narrowband CARS Microscopy

In Chapters 3 and 4, our CARS system implemented a broadband CARS design,
making use of a photonic crystal fiber (PCF) to generate a broad Stokes pulse and
therefore simultaneously probing several Raman modes simultaneously. However, by
spreading the energy for this Stokes pulse over multiple IR wavelengths, the energy per
wavelength is limited, and only samples with large concentrations of target molecules
are suitable for broadband CARS. Typically, for tissue and large cells (such as oocytes),
broadband CARS is a powerful technique as it has the ability to visualize chemical
distributions of many different species. However, for smaller cells (such as
spermatozoa), this method is not practical.

An optical parametric oscillator (OPO) circumvents the need for a PCF and generates
CARS signal by focusing this broadband energy into a single frequency. This will greatly
increase the sensitivity of our measurements and facilitate the label-free imaging of
lipids in very low concentrations. Our new narrowband CARS design is illustrated in Fig
5.1. Our current design incorporates the use of both broadband CARS (via PCF), as
well as narrowband CARS (via OPO), all in the same design. These modes are
interchangeable and allow the use of imaging the same sample with minimal
realignment.
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In order to demonstrate the signal enhancement of OPO CARS to that of PCF CARS,
we first imaged a polystyrene standard - 3 µm pure polystyrene beads. Their CH-rich
content makes them a good standard for CARS, both in their strong signal and for the
ability for us to assess morphology and uniform sample illumination.

Fig 5.2 shows our results of comparing polystyrene beads in each of our CARS imaging
modalities, PCF and OPO. Each representative picture is a single image generated with
each technique. Both samples had the same input power (30 mW of 820 nm, 50 mW of
1070 nm) and were collected with the same detector, and otherwise had identical
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Figure 5.2: Comparison of PCF and OPO using Polystyrene Microspheres. Intensity profiles
across each image demonstrate that (A) PCF-generated CARS images both have higher
background lower signal-to-noise ratio than their (B) OPO counterparts. Yellow line indicates where
intensity profile was measured. Scale bar 20 µm.
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sample conditions. Results indicate that images taken using OPO CARS show an
increase in the polystyrene bead signals (brighter) and a signal decrease of the
background (darker), leading to a substantially higher signal to noise ratio (SNR).
5.3

Biochemical Understanding of Capacitation and the Acrosome Reaction

Capacitation is viewed as a reversible phenomenon which, upon completion, results in a
decrease in the net negative surface charge, an efflux of membrane cholesterol, and an
influx of calcium between the plasma and outer acrosomal membranes (Fig 5.3 B and
C) [20]. Triggered by the entry of calcium, the acrosome reaction involves phospholipid
methylation and phospholipase A2 activation followed by a transient accumulation of
unsaturated fatty acids and lysophospholipids implicated in membrane fusion, which
occurs during the formation of membrane vesicles in mammalian spermatozoa
undergoing the acrosome reaction (Fig 5.3 D and E). The physiologic mammalian
acrosome reaction is a membrane fusion event assumed to be experienced only by
those spermatozoa that have been previously capacitated [21].

During sperm capacitation, a large morphological change in the removal and fusion of
the outer membrane should be visualized with CARS microscopy. We define these
parameters as our basis for criterion in assessing capacitation and acrosome reaction.

5.4

CARS Assessment of Acrosome Reaction

Semen samples were collected, prepared, and AR assay protocols were performed by
Christian Jensen in Professor Gary Smith’s lab at the University of Michigan.
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Figure 5.3: Membrane Model for Sperm Capacitation. Capacitation is a complex biochemical
process with the ultimate goal of presenting enzymes necessary for AR outside the cell. This is
achieved by several steps. (A) Schematic illustrating the various regions within the acrosomal
region, and outside the cell. (B) Enzymatic hydrolysis of sulfate moieties covalently linked to
membrane-bound sterols. (C) Efflux of those sterols from the outer membrane via several different
proteins. (D) Metabolism of the outer membrane. (E) Fusion of the outer membrane with outer
acrosomal membrane releasing necessary enzymes for sperm fusion and zona pellucida (ZP)
breakdown.
Figure used, with permission, from: Langlais J and Roberts KD. Gamete Res, 1985, 12, 183–224.
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5.4.1 Materials and Methods.
Normozoospermic ejaculates were obtained from the assisted reproductive technology
(ART) laboratory at the University of Michigan. Ejaculates were first imaged with CARS
microscopy were signal morphology was assessed in samples where AR percentage
was not known). Imaging protocols for CARS microscopy can be reviewed in Chapters
3 and 4. Sperm samples were finally analyzed using an AR assay where
immunofluorescent microscopy with PSA-FITC was used to compare criterion set by
CARS to assess AR.

5.4.2 Results and Discussion.
Fig 5.4 illustrates the results of CARS imaging of individual sperm cells and their

A

B

C

D

Figure 5.4: CARS Microscopy of Spermatozoa. Representative micrographs of fixed sperm
imaged using (A,C) CARS and (B,D) fluorescence. White arrows indicate sperm that have been
identified by fluorescence as non-acrosome reacted.
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corresponding PSA-FITC images. Due to the high motility of live, healthy sperm cells, all
cells were fixed in methanol before imaging. Fig 5.4 A and C are representative CARS
micrographs of unlabeled sperm cells, whereas Fig 5.4 B and C show those same
sperm cells with PSA-FITC fluorescence labeling. According to AR staining protocol
[11], the location of the fluorescence signal indicates the acrosomal status of the cell.
Sperm with bright caps (fluorescence at the top of the sperm head) are considered not
acrosome reacted, whereas sperm with a dark cap (a lack of fluorescence in the same
area) are considered acrosome reacted.

Indicated in white arrows are cells which have been identified using CARS microscopy
as non acrosome reacted. According to the biochemical and morphological process that
define capacitation and acrosome reaction, the fusion of the sperm plasma membrane
with the acrosomal membrane should result in a “removal” of a single lipid bilayer, efflux
of sterols such as cholesterol, and overall decrease in CARS signal around the outer
periphery of the sperm head. Our criterion for non acrosome reacted sperm was then
defined by the presence of an enhanced signal around the top of the sperm head.
Those cells indicated with white arrows are those that we believe have expressed this
criterion. These results match well with the fluorescence images in Fig 5.4 B and D.

With the introduction of narrowband CARS, it is possible to not only view strong signal
throughout the sperm head, but even in low lipid areas such as the sperm tail, and outer
membrane. From the details discussed in Section 5.3, and the results of fluorescence
imaging, we see that sperm that have not undergone capacitation (or acrosome
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reaction) seem to have brighter signal around the periphery of the acrosomal region.

Since this is a preliminary study into the ability for CARS to accurately identify acrosome
reaction in sperm cells, our initial tests utilized fixed sperm cells due to their high
motility. Our immediate next step is to perform a blinded study where samples of
unknown acrosome percentage will be assessed with CARS microscopy and compared
with fluorescence microscopy. Following these experiments, the goal is to transition
towards live-cell imaging finding new and unique methods for temporary cell
immobilization.

5.5

Conclusion

Due to the large percentages of infertility as a result of contributed male factors, a
noninvasive assay to determine sperm health is vital for the success rate improvement
of preexisting technologies such as ICSI. Although the reported results are preliminary,
and the technology itself is new, the use of narrowband CARS as a method for sperm
quality assessment is promising. In comparison to PCF-based CARS microscopy, the
use of an OPO significantly increases the sensitivity of CARS signals, which can be
seen both in polystyrene microspheres, as well as even smaller features such as the
sperm tail with very low concentrations of lipid. Results from the study of AR by CARS
support the idea that both capacitation and acrosome reaction are a product of
membrane degradation and rearrangement. This can be visualized with narrowband
CARS. Upon further refinement of the CARS AR assay, and a demonstration of its
accuracy to conventional fluorescence, the transition of CARS towards a viable clinical
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assay can be realized.

5.6

Future Research Plan

The preliminary results shown above demonstrate the potential for developing
narrowband CARS microscopy for assessment of AR, and these are the first positive
steps towards developing meaningful criteria for AR assessment. The following text
describes the future important experiments to assess and verify these criteria.

5.6.1 Experimental Design.
Ten normozoospermic ejaculates will be obtained from the assisted reproductive
technology (ART) laboratory at the University of Michigan. Ejaculates will be analyzed
using an AR assay where the ejaculate is divided into 4 groups based on their treatment
with sperm stimulant (SS) and calcium ionophore: (1). Control (-SS,-Ionophore), (2).
Ionophore treated (-SS,+Ionophore), (3). SS treated control (+SS,-Ionophore), and (4).
SS treated and ionophore treated (+SS,+Ionophore).

On all groups the following experiments will be carried out: (1) determination of the
percent of AR spermatozoa using immunofluorescent microscopy, (2) determination of
the percent of AR spermatozoa using CARS, and (3) investigation on whether the
added chemicals in the AR assay interfere with the CARS signal using CARS to study
control samples without any additives.

The 4 slides from the AR assay will be analyzed with CARS in a blinded fashion and the
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results from the two procedures will be compared. Through such future studies, we aim
to develop and test selection criteria for the assessment of acrosome reaction. These
following experiments will determine if the developed criteria from Section 5.4.2 can
accurately identify acrosome reaction in human sperm cells. Following this study, CARS
microscopy on live cells will be performed with the hope of assessment and selection of
live spermatozoa with successful acrosome reaction.
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CHAPTER 6: Conclusions and Future Outlook

As we look back on the progress of modern analytical methods, we see major advances
in the questions we are able to answer. With the introduction of devices such as the
modern microscope to the laser, ever-more-exciting technologies are constantly in
development and research fields are ever expanding as a result. As a specialized niche
in biological and medical research, there is a growing need for noninvasive assays to
solve important problems such as the treatment and management of various diseases,
and illnesses or the reduction of threat from biological pathogens. In this thesis, two
advanced optical analytical techniques, SFG spectroscopy and CARS microscopy, have
been applied to study important biophysical processes as well as to determine biological
significance.

6.1

Building a Better Surface – Optimizing Surface Behavior

In Chapter 2, I focus on understanding the behavior of surface-tethered antimicrobial
peptides using sum frequency generation (SFG) spectroscopy. These peptides, among
other advantages, have broad-spectrum affinity for bacteria and deter antibiotic
resistance. MSI-78, the peptide of interest in this chapter, has potential in the
development of biomolecule-based sensors, antibacterial textiles and medical
dressings, as well as surfaces designed for pathogen elimination. By chemically
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immobilizing MSI-78 via cysteine-maleimide coupling, we observe different behaviors of
this surface bound peptide that are immobilization-site dependent. Ultimately, nterminus attachment had a faster killing response against E. coli. This research
demonstrated that SFG was the ideal tool for understanding surface behaviors of MSI78. The peptide itself, only 10 nm in length, is the size of most fluorescence reporting
molecules that would tether to this peptide. The tethered fluorescence molecules
therefore may affect the behavior of immobilized MSI-78 – This shows the advantage of
SFG which is label free. Other techniques, such as XPS, SPR, or AFM are label free,
however have specific sample preparation requirement, use high vacuum, or are
chemically nonspecific.

The result obtained from this chapter helps guide future work in optimizing surface
parameters to promote the activity of surface-bound antimicrobial peptides. Surface
chemistry may play a role in determining peptide surface orientation, leading to different
peptide surface concentrations and either enhance or limit peptide-peptide interactions.
As mentioned in Chapter 2, maleimide presents a slightly hydrophilic surface where the
more polar c-terminus of the peptide readily interacts with the surface. This ultimately
results in nMSI-78 lying down on the surface, but allows for cMSI-78 to stand up. Other
techniques to change surface chemistry such as an alkyne surface that participates in
click chemistry [1] may be used. Alternatively, altering peptide primary structure by
incorporating helix promoting residues such as glycine and proline may help decrease
peptide-surface interactions and allow nMSI-78 to stand up.
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Such parameters as surface hydrophobicity/hydrophilicy, peptide-peptide interactions,
linker chemistry, and other surface properties are just some of the questions that can be
addressed using SFG supplemented with other analytical tools. Ultimately, questions
about antimicrobial activity must be addressed by correlating observed tethering
mechanisms to observed antimicrobial activity.

6.2

Building CARS Microscopy for Biomedical and Clinical Applications

For Chapters 3, 4, and 5, I focus on the use of noninvasive vibrational microscopy to
answer fundamental questions about the roles that lipids play in reproductive health and
disease. As an applicable technique in live-cell imaging, coherent anti-Stokes Raman
scattering (CARS) microscopy is an ideal tool to aid in alleviating the major issues in
infertility and fertility therapy. For these questions, broadband CARS microscopy was
developed; its ability to capture chemical information for several unique species is
important when assessing complex biological systems. In Chapter 3, system
development of broadband CARS and data analysis methods using singular value
decomposition (SVD) were described. They were extensively used for many research
projects to follow.

Since the introduction of solid-state femtosecond laser sources, CARS has developed
into a powerful laboratory-based label-free technique [2-5]. Unfortunately, in order for
CARS itself to be incorporated into clinical assays, there must be a substantial cost
reduction, miniaturization, and decrease in complexity-of-use. Fortunately, there have
been many advances, both in system development and applications that open up
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opportunities for vibrational imaging in assay-based clinical applications. The invention
of fiber-lasers has drastically reduced both the size and cost of CARS light sources [6].
CARS microscopy using fiber-based delivery has also made CARS endoscopy possible
[7,8]. It is with these developments that CARS microscopy has seen applications in
cancer biology and tissue imaging [9-12]. In the next several years of CARS
development, a push toward incorporation into clinic will drive the development of new
systems and methods.

6.3

CARS in Oocyte Lipid Assessment

Cytosolic lipids are known to have functional importance for oocytes. CARS, which is
most sensitive to lipid, was an ideal tool; its ability to image lipid droplets in several
minutes is conducive for live cell imaging. Through this study (and discussed in detail in
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Figure 6.1: Oocyte Lipid Content in Cryosurvival. In porcine oocytes where lipid content is a large
percent of overall cell volume, cryosuvival is low. When cytosolic lipids are either separated from the
remaining cytosol or removed entirely from the cell, cryosurvival significantly improves.
Figure used, with permission, from: Hara K, Abe Y, Kumada N, Aono N, Kobayashi J, Matsumoto H,
Sasada H, and Sato E. Cryobiology, 2005, 50, 216–222.
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Chapter 4), we assessed the ability for CARS to not only identify lipid droplets (with
fluorescence microscopy as the imaging standard), but also to uncover the potential for
lipid to be used as an intrinsic biomarker for oocyte health. Lipid droplets show
importance in oocyte growth and development, and differences in their amount can be
associated with diseases such as metabolic syndrome. These are only a few examples
of the impact that lipid has on reproductive biology.

Future work will require the assessment of CARS exposure and its effect on oocyte
development. More specifically, does exposure of CARS excitation light (regardless of
data collection) influence cleavage and blastocyst development? Several factors must
be considered when assessing phototoxicity, which include (1) laser power, (2) pulse
width, and (3) excitation wavelength [13,14]. Looking forward to applications of CARS in
oocyte lipid biology, cryosurvival is inversely correlated to lipid content [15]. Oocytes
with large percentage of lipid are difficult to cryopreserve, and development rates are
low. When cytosolic lipid content is lowered, cryosurvival improves (Fig 6.1) [15]. CARS
can therefore be used to assess lipid content noninvasively after treatments that either
increase or reduce lipid content such as fetal calf serum or phenazine ethosulfate [1618].

6.4

Assessment of Acrosome Reaction and DNA Integrity in Live Human
Spermatozoa

The acrosome reaction, a necessary biochemical process that allows for the male
spermatozoa to enter the oocyte, is one of the general factors associated with male
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infertility. Using CARS microscopy, it was determined that this process of acrosome
reaction, and the necessary capacitation that precedes it, involve changes in the lipid
distribution within the acrosomal area. Details of which are discussed in Chapter 5.
Current methods for assessing acrosome reaction involve cellular fixation and
fluorescence staining. CARS microscopy has clinical value as a noninvasive tool to
assess sperm health. This along with other factors such as DNA integrity [19,20] will
help transition CARS into a viable diagnostic tool.

Current preliminary studies utilizing CARS microscopy were performed on fixed
spermatozoa. Progression towards a live-cell assay is critical in the development of

A

B

Figure 6.2: Proposed Microfluidic Device for Live Cell Measurements. (A) Microfluidic device
capable of trapping single sperm cells in microchannels. These sperm cells can subsequently be
assessed by microscopic techniques such as fluorescence or CARS. (B) Assessment of acrosome
reaction in single cells by PSA-FITC.
Figure used, with permission, from: de Wagenaar B, Berendsen JTW, Bomer JG, Olthuis W, van
den Berg A, Segerink LI. Lab Chip, 2015, 15, 1294–1301.
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CARS microscopy for clinical use. Fig 6.2 is a microfluidic device designed for the
isolation of single sperm cells for microscopic analysis [21]. Other devices based on
dielectrophoresis have also been proposed for cell entrapment or increasing local cell
concentration [22]. Such a device, in combination with CARS microscopy, will facilitate
live-cell assessment of acrosome reaction.

6.5

Conclusion

As label free techniques, vibrational spectroscopy and microscopy have great
advantages in biophysical, biological, and medical research. Nonlinear vibrational
spectroscopy will keep finding novel applications in basic science and industry-driven
research, where noninvasiveness is of the most importance. Just as new techniques are
in continuous development, we will also see a steady growth in areas of science and
technology that will make them part of their research needs.
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