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Raman microscopy is a tool used by physicists to collect molecular

information from a wide variety of samples. Biophysicists have increasingly

made use of Raman microscopy in combination with optical tweezers to iden-

tify the molecular makeup of structures inside cells. There are high levels of

background and noise in Raman spectra from cells, however, that obscure low

intensity scattering peaks and prevent complete molecular characterization.

We have designed and built a Mechanical Modulation Raman Micro-

scope (MMRM) that is capable of background subtraction and noise reduction

for Raman spectra from cells in vivo. There are two mechanisms of modula-

tion: (1) three-axis stage modulation for objects fixed to the coverslip and

(2) separate optical trap modulation for objects in solution. In both cases,

objects of interest are modulated in and out of the Raman excitation volume
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while spectra are collected. Difference spectra are created by subtracting the

spectrum without the object from the spectrum including the object. These

difference spectra are averaged over the number of cycles of modulation. With

the mechanical modulation technique, the background in Raman spectra is re-

moved, and the signal-to-noise ratio is improved by two orders of magnitude.

This technique was applied to fission yeast cells. Mechanical modu-

lation Raman spectra of exponentially growing cells and starved cells were

collected in three dimensions, and spatial differences were observed in the

molecular composition for different metabolic states of individual yeast cells.
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Chapter 1

Introduction

Cells are rich in structural complexity and functional variety. For many

biophysical experiments, it is desirable to obtain molecular information from

cellular structures in vivo as they participate in the cell life cycle. One example

of a cellular structure for which real-time molecular information would prove

valuable is the microtubule, which is a long filament that acts as a highway

for molecular motor transport in the cell. The microtubule grows by binding

tubulin dimers to its ’plus end’, which has a cap of guanosine triphosphate

(GTP) molecules to stabilize the microtubule. If the GTP cap is hydrolyzed

to guanosine diphosphate (GDP), however, the microtubule undergoes a rapid

depolymerization and disassembles in an event known as catastrophe. Moni-

toring the molecular makeup of the cap of the microtubule in real-time would

illuminate the details of this event. Microtubule catastrophe is just one exam-

ple of the many processes that are of interest in current biophysical research:

transport by molecular motors, membrane raft formation, and signal trans-

duction are just a few more cellular functions for which real-time molecular

information would provide useful insight into the nature of the process.

Techniques like mass spectroscopy and gel electrophoresis can provide
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information about the quantities and types of molecules in a sample; with

both these techniques, however, the sample is destroyed in the process of data

collection, thus excluding time-resolved measurements. Fluorescence measure-

ments provide information on specific molecules tagged with fluorophores and

are commonly used in biophysical research. In samples used in these cases,

though, large foreign molecules are introduced and may have perturbative ef-

fects. Also for fluorescence measurements, information is only obtained from

the tagged molecules or those molecules involved in an energy transfer process

with the tagged molecules.

For a complete molecular picture of a biological specimen, Raman mi-

croscopy proves to be a useful tool. Raman scattering is non-invasive and does

not undergo photobleaching like fluorescence emission. Further, the data col-

lected is not limited to only a subset of molecules, but instead all polarizable

molecules. Raman microscopy is a popular research technique in biophysics

and has been combined with optical tweezers to provide information on the

chemical composition of biological specimens. However, the spectra from many

types of biological particles suffer from high background and noise levels due

to sample conditions and a dynamic cellular environment.

In this dissertation, the development of a novel Raman microscope that

combines optical trapping and confocal Raman detection is presented. Optical

tweezers are used to manipulate particles in and out of a Raman excitation

volume. Spectra taken while the particle is out of the Raman excitation volume

are subtracted from spectra taken with the particle in the Raman excitation
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volume. This cycle is repeated, and the difference spectra are averaged. In

this way, the Mechanical Modulation Raman Microscope (MMRM) is uniquely

capable of removing the background and improving the signal-to-noise ratio

for spectra recorded from living cells.

The contents of the rest of this work are as follows:

In Chapter 2, relevant background and theory regarding Raman scat-

tering is presented. A brief history of Raman spectroscopy is given along with

a review of the current Raman techniques in microscopy. Prelimary work for

this dissertation using a commercial Raman microscope is shown.

In Chapter 3, the design of the MMRM is discussed. The construction

and alignment of the experimental apparatus is also described in detail.

In Chapter 4, the capabilities of the MMRM are characterized through

measurements on nanometer-sized particles. First, data for polystyrene par-

ticles collected by standard Raman microscopy are shown to demonstrate the

baseline performance of the setup. Subsequently, the mechanical modulation

technique is implemented for polystrene particles and for lipid vesicles. It is

shown to remove the background from the associated spectra, as well as im-

prove the signal-to-noise ratio by orders of magnitude in comparison to the

original spectra.

In Chapter 5, the MMRM is used to characterize the molecular com-

position of fission yeast cells, a model biological system, in vivo. Additionally,

differences between exponentially growing and starved cells are examined with

3



regard to Raman measurements.

The final chapter contains concluding remarks.
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Chapter 2

Using Raman Microscopy to Identify

Biomolecules

Raman microscopy can be used to identify chemical content of subcel-

lular structures in vivo and thus, it is of great use in many types of biophysics

experiments. Since the experiments performed for this dissertation were all

done using Raman microscopy, an introduction to the technique is provided.

In this chapter, the discovery of Raman scattering is presented as well as the

theory behind the Raman scattering process. Raman spectroscopy has been

used extensively in disciplines other than chemistry and physics, and examples

of the applications in other fields are discussed, including Raman microscopy

as a tool to study tissues, cells and sub-cellular structures. Finally, results

from initial experiments using Raman microscopy to identify chemical content

in biological samples of lipid molecules are presented.

2.1 Raman Scattering

Raman scattering is an inelastic process that occurs when a photon

incident on a molecule causes a change in the vibrational state of the molecule.

In this case, the scattered photon will have a different energy than the incident
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Figure 2.1: Schematic representation of Raman scattering. Light incident on a
molecule is scattered usually at the same frequency. However, if the molecule
either absorbs or gives up energy to the photons, the scattered light will be a
different frequency.

photon. The change in energy corresponds to the change in vibrational energy

levels and is specific to the bonds in the molecule. A diagram of this process

is shown in Figure 2.1.

2.1.1 Discovery

Raman scattering was discovered by Chandrasakar V. Raman in 1928

[68]. Raman was an Indian-born physicist who published prolifically on light

and sound phenomena [66, 67]. The very first experiments used sunlight as an

incident light source and the eye as a detector. For his work on light scattering,
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Raman won the Nobel Prize just two years later, in 1930.

2.1.2 Theory

Raman scattering can be understood readily through a classical frame-

work [70, 80]. In order for a molecule to scatter light at frequencies different

than the incident light frequency, it must be polarizable. Raman scattering

differs from infrared (IR) absorption, though the techniques provide compli-

mentary information: Raman scattering is a result of an induced dipole mo-

ment where IR absorption is a result of a change in the dipole moment of the

molecule. The induced dipole moment is given by

P = αE (2.1)

where α is the polarizability, and E is the electric field, which is dependent on

the frequency of the incident light ν0

E = E0 cos(2πν0t) (2.2)

so that the induced dipole moment is

P = αE0 cos(2πν0t) (2.3)

The polarizability α is dependent on the position of the nucleus, and thus

written as a function of the normal coordinates qi where i is the index of the
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vibrational degrees of freedom. By Taylor expanding α(qi) the polarizability

is

α(qi) = α0 + (
∂α

∂qi
)0qi + ... (2.4)

where α0 is the equilibrium value of polarizability. The classical mechanics

treatment of small vibrations for the nucleus means that the motion of the

nucleus is expressed as

qi = Ai cos(2πνit) (2.5)

where Ai is the maximum amplitude for vibrations. From this equation, it is

clear that the polarizability also oscillates at the frequency νi. By substituting

Eq. 2.5 and Eq. 2.4 into Eq. 2.3 the induced dipole moment becomes

P = (α0 + (
∂α

∂qi
)0)(Ai cos(2πνit))E0 cos(2πν0t) (2.6)

Using the trigonometric identity,

cosA ∗ cosB =
1

2
(cos(A+B) + cos(A−B)) (2.7)

the induced dipole moment is finally written as

P = α0E0 cos(2πν0t)+
1

2
E0Ai(

∂α

∂qi
)0[cos(2π(ν0+νi)t)+cos(2π(ν0−νi)t)] (2.8)
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The first term produces scattering at the same frequency as the incident

light, which is called Rayleigh scattering. Rayleigh scattering is 106 times more

probable than Raman scattering. The second and third terms produce Raman

scattering for cases where the change in the polarizability of the molecule, or

( ∂α
∂qi

)0, does not equal zero. When the scattered light is shifted to higher

frequencies, νAS = (ν0 +νi), this case is known as Anti-Stokes scattering. Here

the molecule is already in an excited state and so transfers some energy to the

scattered photons. When the scattered light is shifted to lower frequencies,

νS = (ν0 − νi), this is called Stokes scattering.

The assumption made in Eq. 2.1 is that the induced dipole moment

vector P and the electric field vector E are parallel, implying that the molecule

is isotropically polarizable. For molecules with anisotropic polarizability, this

assumption does not hold. The polarizability α should then be written as a

symmetric matrix instead of a constant:

α =

αxx αxy αxz
αyx αyy αyz
αzx αzy αzz

 (2.9)

Anti-Stokes and Stokes scattering frequencies are symmetric around

the Rayleigh frequency. Stokes Raman scattering is much more likely for

molecules below or at room temperature, which is the case for most biological

samples. Since the frequency shift of Stokes (or Anti-Stokes) scattering is

independent of the frequency of the incident light, the frequency shift with

respect to the incident light frequency is usually plotted instead of absolute
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frequency. Additionally, while the frequency shift for Stokes scattering is in

fact negative, conventionally it is plotted as positive for measurements on

biological samples where only the Stokes scattering is examined. The units

used by spectroscopists for the frequency shift are typically inverse centimeters.

While the frequency of the Raman scattered light is not dependent on

the incident light, the intensity of the Raman scattering goes as the frequency

of the incident light to the fourth power,

IS = C(νS)4I0(∆P )2 (2.10)

where C is a constant, I0 is the intensity of the incident light and ∆P is the

change in the dipole moment of the molecule.

A nonlinear molecule has 3N degrees of freedom with 3 degrees for

translational and 3 degrees for rotational motion. Thus there are 3N - 6 degrees

of freedom for vibrational motion. (Linear molecules have one less rotational

degree.) For molecules with many atoms, the large number of fundamental

vibrations precludes complete spectral identification. However, not every mode

is Raman active. The derivative of the polarizability of the molecule must

be non-zero in order for Raman scattering to occur. Consider a simple linear

molecule like CO2, which has the fundamental vibrational modes: symmetrical

stretching (Figure 2.2), asymmetrical stretching (Figure 2.3), and bending

(Figure 2.4). As indicated in these diagrams only the symmetrical stretch

mode is Raman active because only in this mode is there a change in the
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Figure 2.2: Diagram of symmetric stretching mode for CO2, adapted from Tu
[80]. The polarizability of the molecule changes, and so this mode is Raman
active.

Figure 2.3: Diagram of asymmetric stretching mode for CO2, adapted from
Tu [80]. The polarizability of the molecule does not change, and so this mode
is not Raman active.

polarizability of the molecule.

2.2 Raman Spectroscopy

Raman light is collected and focused into a spectrometer for analysis.

A diffraction grating separates spatially the various frequencies of light that

correspond to the Raman active molecular vibrations. The diffracted light is

incident on a photodetector, such a CCD or photomultiplier tube (PMT). Pho-
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Figure 2.4: Diagram of the bending mode for CO2, adapted from Tu [80]. The
polarizability of the molecule does not change, and so this mode is not Raman
active. Both in- and out-of-plane bending have the same polarizability and so
this mode is degenerate.

tons are collected over a certain integration time, and the number of counts

multiplied by the photon-to-count conversion gives the intensity for the detec-

tor, which is a pixel in the case of a CCD. From the configuration of the spec-

trometer and the ruling of the diffraction grating, the frequency of scattered

light incident on the detector is known. The resulting spectrum of scattered

frequencies is commonly plotted as intensity, in units of counts or arbitrary

units, versus frequency shift, in units of wavenumbers.

2.2.1 Applications of Raman spectroscopy

Raman spectroscopy provides such useful information that it has found

applications in other disciplines. It is used extensively in the identification

of pigments in both art and historical documents. For these samples, the

non-destructive nature of Raman scattering is especially important. From the
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specific molecular makeup of the components of paints and ink, art and docu-

ments can be dated and attributed to sources [17, 23]. Similarly, archaelogists

have also used Raman spectroscopy to identify artifacts and bone fragments.

In manufacturing, it has shown to be useful for distinguishing subtle differ-

ences between visibly similar objects, such as saltwater and freshwater pearls

[59]. Raman spectrometers have also been shown to be of practical use in drug

and explosives screening at airport security [11, 31].

Using Raman spectroscopy to investigate biological materials has also

been fruitful [9]. In most cases, the Raman spectrometer setup is combined

with a microscope objective lens in order to obtain signal from small volumes.

Clinically, it has been used to study biological tissues [48], tumors [65], and

atherosclerosis [49]. Raman microscopy has been applied to individual cells

[32] and model membranes [14]. It has also been coupled with optical tweezers

for detection of micrometer biological particles in solution [60].

2.2.2 Special techniques in Raman spectroscopy

A major issue with Raman spectroscopy measurements, is the signal-to-

noise ratio, especially for biological specimens, which have orders of magnitude

fewer molecules compared to bulk material. Variations on Raman spectroscopy

have been developed to improve the strength of signal from molecules. Reso-

nance Raman Spectroscopy (RRS) is an alternative Raman technique whereby

a molecule is vibratonally excited within an electronic absorption band. The

coupling of electronic and vibrational transitions can greatly enhance the in-
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tensity of some spectral lines [80]. Surface-Enhanced Raman Spectroscopy

(SERS) makes use of metallic nanoparticles to provide a very strong and lo-

calized enhancement of the electric field from the incident light. Raman scat-

tering can be increased by up to six orders of magnitude from the electric field

enhancement. SERS also works by chemical enhancement whereby the forma-

tion of a charge transfer complex increases the polarizability of the molecule

and increases the Raman scattering by 1-2 orders of magnitude. The first

measurement of single molecule Raman scattering was performed with SERS

[40]. Several helpful reviews on SERS provide additional details on the nature

of its mechanisms as well as on the use of it in biological samples [12, 39, 47].

Other Raman techniques include: Coherent Anti-Stokes Raman Spectroscopy

(CARS), Stimulated Raman Scattering (SRS), and Surface-Enhanced Reso-

nance Raman Spectroscopy (SERRS).

Another issue concerning Raman measurements for biological samples

is a background in the recorded spectra. Background features can arise from

scattering from the complex environment of the samples, fluorescence from

the sample or sample chamber materials such as coverslip glass, or other con-

ditions. Strategies for dealing with the background range from peak fitting

to complex baseline subtraction algorithms [71] to preprocessing methods [1].

Rusciano, et al. present a phase-sensitive method of detection using a pump-

probe setup to obtain spectra with a significantly reduced background [72, 73].

However, high background and noise remain major complications for many in-

truments and samples, especially biological specimens.
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2.3 Initial Raman measurements of lipids

Raman microscopy is an appropriate and increasing popular tool to ob-

tain chemical information from tissues, cells and cellular structures in vivo. In

order to test the efficacy of the technique on biological samples, a commercial

Raman microscope was used for initial measurements on lipids. The Raman

microscope user facility at the University of Texas at Austin is run by the

research group of Prof. Alan Campion in the Department of Chemistry. The

Raman microscope used for prelimary data collection (Renishaw) was coupled

to a 785 nm excitation laser that was focused on the sample from above by a

60X air objective lens, which also collected the scattered light. A solution of

lipid vesicles in water was sealed between a coverslip and a microscope slide.

For this type of sample, however, fluorescence from the coverslip overwhelmed

the spectral region of interest completely, even when the concentration of lipid

vesicles was increased by orders of magnitude. In an effort to eliminate the

background from the coverslip, six other types of glass coverslips and micro-

scope slides were used, but they all fluoresced similarly. On the advice of

Prof. Campion, a silicon substrate was substituted for glass. Silicon does

not fluoresce nor does it have Raman spectral lines in the same wavenumber

region as lipids [52]. For these samples, however, a top coverslip could not

be used, as silicon is not transparent to the excitation laser. Highly concen-

trated lipid solution was applied to the silicon substrate, and the water was

allowed to evaporate. In order to obtain a Raman spectrum from the lipids on

silicon, this process had to be repeated many times until the lipid layer was
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Figure 2.5: Spectra of thick layers of DOPC (blue) and DLPC (red) on sil-
icon. These data were taken with a commercial Raman microscope system
(Renishaw) for initial testing purposes.

approximately a few tenths of a millimeter thick.

Figure 2.5 shows spectra taken from samples made in this way for

two different lipids: 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC, blue)

and 1,2-dilauroyl-sn-glycero-3-phosphocholine (DLPC, red). The integration

time was 30 s. Differences in the spectra arise from molecular differences in

the lipids. For instance, the peak at 1650 cm−1 is due to stretching in the

C=C bond, and therefore this peak is present in the spectrum of DOPC,

which has unsaturated hydrocarbon tails, but not DLPC which has saturated

hydrocarbon tails [14]. While the spectra in Figure 2.5 have a good signal-to-

noise ratio, the sample preparation is far from ideal in terms of approaching

16



that of a living cell, which has a membrane thickness of about 5 nm [2]. Also

the silicon substrate is not usable for both a top and bottom coverslip, both of

which are a necessity for sealing aqueous samples, as the excitation laser cannot

penetrate the opaque material. Thus, in order to achieve the ultimate goal

of Raman detection of nanometer-sized regions in a cell on a millisecond time

scale, it was determined that it was necessary to develop a Raman microscope

with higher sensitivity than even the state-of-the-art commerical instrument

used for these experiments.
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Chapter 3

Development of the Mechanical Modulation

Raman Microscope

Raman spectroscopy has been used by scientists in many fields to obtain

chemical information on a wide range of samples. When Raman spectroscopy

is incorporated into a typical microscope setup, highly localized measurements

of the chemical content can be made since Raman scattering is excited in a

diffration-limited spot in the sample. The field of biophysics has particularly

made use of Raman microscopy [80]. Non-perturbative, in vivo molecular

information is desirable for a plethora of biological systems. However, back-

ground signal and noise from the complex biological environment can over-

whelm the Raman signal from the region of interest. The background signal

can come from several sources: autofluorescence of the biological material,

Raman signal from structures near the structure of interest, scattering from

the coverslip, and scattering from the solution. Noise in the signal comes from

sources including the fluctuating background as well as from the CCD camera

used in the spectometer for detection.

Our goal is to be able to use Raman microscopy to detect changes in the

molecular content of cellular structures during various cell processes. Thus,
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the method of detection must be very sensitive and fast. The sensitivity of

detection required depends on the size of the cellular structure of interest, as

well as the concentration of molecules in the detection volume, and the Raman

cross section of those molecules. For example, a lipid droplet inside a yeast cell

is a densely packed sphere, several hundred nanometers in diameter, comprised

of highly polar lipid molecules. The lipid droplet requires much less detector

sensitivity than a microtubule, which is only 25 nm in diameter. Additionally,

the time scale of cellular processes varies over several orders of magnitude: for

a cell to undergo mitosis takes a complete cycle of several hours; however, a

lipid raft may form in the plasma membrane in a few hundred milliseconds

[61].

Isolating the molecular signature of a single biological structure, like a

vesicle, or even part of a structure, like the cap on a microtubule, is very dif-

ficult with traditional Raman spectroscopy. Biological structures in vivo, like

organelles, exist in an aqueous environment and are surrounded by a heteroge-

nous mix of molecules that may exhibit autofluorescence and additionally, emit

their own Raman signal. The shear number of molecules that will also scatter

in the diffraction-limited laser excitation spot overwhelm the Raman signal

from the biological structure of interest. For example, a mitochondrion in a

living cell is surrounded by the cytoplasm, which contains many thousands of

different molecules. The mitochondrion undergoes dynamical processes so that

the cell can function properly; thus its molecular makeup is in flux. Further-

more, the cell itself is moving through the phases of its life cycle, which in turn
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affects the location and function of the mitochondrion. Spatially and tempo-

rally, the local molecular content of both the cytoplasm and the mitochondrion

changes.

We have developed the Mechanical Modulation Raman Microscope in

order to eliminate background features and improve the signal-to-noise ratio

in spectra obtained from biological environments. The concept is based off

of background subtraction techniques used in other laser spectroscopies. A

spectrum is taken of the structure of interest in its environment, so that the

signal obtained includes the Raman scattering from the structure, the Raman

scattering from the environment, and the fluorescence from the environment.

Next a spectrum is collected of just the environment, without the structure

of interest. By subtracting the second spectrum, that of the environment

alone, from the first spectrum, that of the environment and the structure,

the resulting difference spectrum will be solely the Raman spectrum of the

structure. In this way, the background features are removed from the signal.

Noise in the Raman spectra is a result of fluctuations in the environment

in which the particle of interest is embedded. Detector noise is minimized

by the high quantum efficiency that is achieved with the spectrometer CCD

(see Section 3.2). Environmental fluctuations are especially problematic in

contributing to a poor signal-to-noise (SNR) ratio in collected Raman spectra

when the structure is very small and the cell is undergoing a dynamical process

such as mitosis. Using our instrument, we are able to repeatedly modulate

a particle in and out of the Raman detection volume, thereby obtaining a
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sequential stack of difference spectra. These difference spectra are averaged,

and the Raman SNR ratio greatly improved. With a high SNR, small features

in the spectra are able to be resolved, thus allowing for more accurate chemical

identification.

3.1 Theory

In this section the conceptual basis of mechanical modulation for back-

ground removal and noise reduction is discussed. The main tool used to achieve

mechanical modulation for particles in solution is the optical tweezer. There-

fore, the principles of optical trapping are also presented.

3.1.1 Mechanical modulation concept

The concept of mechanical modulation is a hybrid of lock-in amplifi-

cation and standard background subtraction. Figure 3.1 is a diagram of the

mechanical modulation process for a particle attached to the surface of a sam-

ple chamber. By changing the position of the stage, the particle is moved in

and out of the Raman excitation volume. When the particle is in the exci-

tation volume, a spectrum is collected. Another spectrum is taken when the

particle is moved out of the Raman volume, so that only scattering from the

background solution is collected. The background spectrum is subtracted from

the spectrum that includes scattering from the particle.

For a particle in solution, mechanical modulation can also be performed

using a separate laser to form an optical trap. The position of this trap can be
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Figure 3.1: Diagram illustrating the process of mechanical modulation for a
particle attached to the surface of the coverslip. In the top panel, a particle
(yellow) is fixed on the coverslip (green), which is part of the sample chamber.
In the middle panel, the particle is moved into the Raman detection volume
(red) by moving the sample chamber via the stage. A spectrum of the particle
is taken at this point in the mechanical modulation cycle. The particle is
shown moved out of the Raman volume again in the bottom panel. A spectrum
of the environment in the Raman detection volume is taken for background
subtraction.
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changed via a device such as a piezo-scanning mirror, which reflects the laser

beam into the objective lens. By changing the position of the optical trap in

the sample chamber, the particle is, again, moved in and out of the Raman

volume, as shown in Figure 3.2. Spectra with and without the particle are

taken in the same way as for a particle on the surface of the sample chamber.

As described, the cycle of mechanical modulation in the setup is a series

of four steps: 1) Move the particle into the detection volume, 2) take spectrum

of the particle and the environment, 3) move the particle out of the detection

volume, 4) take spectrum of the environment. In post-data collection analysis,

the spectrum of the background environment is subtracted from the spectrum

containing the particle. Thus, the resulting difference spectrum contains signal

from the particle; the background has been removed. The integration time

for the spectra with and without the particle must be the same, so that the

intensity of the background scattering in both spectra is compatible. If a major

change occurs in the molecular makeup of the background environment during

the integration time of one of the spectra, then the background will not be

fully removed in the difference spectrum. Therefore, it is necessary to select

an integration time that is on the order of, or faster, than the dynamics of the

sample.

When the cycle of mechanical modulation is repeated, a series of Ra-

man spectra are collected over time. The sequential difference spectra are

averaged, and a single mechanical modulation Raman spectrum is generated.

If the noise in individual spectra is due to random fluctuations in the environ-
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Figure 3.2: Diagram illustrating the process of mechanical modulation for a
particle in solution. The top panel shows the a particle (yellow) trapped in
solution above the coverslip (green) by optical tweezers (black). The middle
panel indicates that the position of the optical trap has been adjusted so that
the trapped particle overlaps with the Raman detection volume (red). A spec-
trum is taken of the particle at this point, in the same way as for the particle
attached to the coverslip. The optical trap position is then modulated, and as
shown in the bottom panel, the particle moves out of the Raman volume while
still being trapped by the additional laser. A background spectrum is taken
of the environment without the particle, completing one cycle of mechanical
modulation.
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ment surrounding the particle of interest, then averaging over multiple spectra

reduces the noise in the mechanical modulation Raman spectrum. In theory,

the signal-to-noise ratio is increased proportionally to the square root of the

number of difference spectra [79].

Another technique to improve the SNR is to simply increase the inte-

gration time over which only one spectrum of the particle and one spectrum

of the background is collected. In this way, the signal intensity will increase as

photons are collected over a longer time. The SNR improvement for this tech-

nique is the same as for mechanical modulation for the same total integration

time, so long as the noise in the spectra is derived from random fluctuations.

However, in many cases inside a cell, changes in the environment of a parti-

cle of interest are a result of a cellular process that causes a gradient in the

molecular makeup of the cellular environment. These changes are not random

but instead are directional, as in the situation of cell mitosis or signal trans-

duction [2]. In this case, increasing the integration time is not sufficient to

remove the background. When the spectrum without the particle is collected,

the molecular environment may be very different than it was for when the

particle was in the detection volume at an earlier time. Additionally, the SNR

may not show the same improvement, as the changing molecular makeup may

have different properties, such as density, which affect the scattering due to

thermal fluctuations.

The mechanical modulation technique is necessary if the noise in the

spectra comes from such a directional change in the environment of the parti-
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cle, rather than from only Brownian motion of the solution. Because sequential

spectra of a particle and the environment are subtracted to obtain a difference

spectrum, temporal changes in the background spectrum are able to be sub-

tracted effectively if the integration time is short enough compared to the rate

of change of the background. Thus, each difference spectrum is background

free, resulting in an average mechanical modulation spectrum that has both a

high SNR but also has the background removed.

3.1.2 Principle of optical trapping

Optical trapping is a necessary tool to achieve mechanical modulation of

a particle in solution. The basic priniciple of the optical trap was proposed by

Ashkin in the 1970s [3, 4]. He later used optical trapping to manipulate viruses,

bacteria [5] and cellular components [6]. The optical trap is now a ubiquitous

tool in biophysics and is used in combination with other techniques such as

particle tracking or fluorescence microscopy in order to measure properties of

small biological particles, for example, molecular motor forces and mechanics

of microtubules. There are several helpful review articles on optical trapping

containing an overview of current optical trapping techniques, including [7]

and [51].

An optical trap is formed when a Gaussian laser beam is focused by a

high numerical aperture (NA) objective lens and is incident on a particle made

of some material with a certain index of refraction. The focus of the laser is

shifted due to the bending of light from the index of refraction of the particle
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when it is slightly displaced from center. Light that is scattered from the

particle imparts momentum to the particle itself, and so the axial component

of the gradient force on the particle points toward the laser focus. There is also

a scattering force in the direction of light propagation on the particle pushing

it away from the laser focus. To make a three-dimensionally stable trap, the

gradient force on the particle towards the laser focus must be greater than the

scattering force. A large gradient force is obtained with a high NA objective

lens, resulting in an increase in the strength of the optical trap [30].

3.2 Design of experimental setup

In this section, the experimental design of the Mechanical Modulation

Raman Microscope will be described. There are many biological systems for

which it would be advantageous to collect chemical information in vivo with-

out using perturbative molecular markers such as fluorophores. However, one

advantage to fluorescence markers is that they are easy to detect in sufficient

quantities with a standard CCD camera. Raman scattering has a much smaller

probability of occuring than fluorescence emission. Thus, a Raman microscopy

setup must be carefully designed so as to maxmize both Raman excitation and

detection. Within the instrument design, it is crucial to chose optical com-

ponents that are as efficient as possible in either transmission or reflection,

depending on the purpose of the component.

Furthermore, the samples of interest for our studies are biological and

ideally, should be studied in vivo, in this case meaning inside a living cell. It
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becomes necessary to design an instrument that does minimal harm to the

biological specimens of interest.

3.2.1 Overview of experimental setup

Figure 3.3 is a diagram of the Mechanical Modulation Raman Micro-

scope. The experimental setup for recording Raman spectra via mechanical

modulation is comprised of three main optical pathways. There are two inci-

dent pathways: one pathway is for Raman excitation, and another is for sep-

arate optical trapping. The third is the collection pathway for the scattered

light. In this section, the layout of each pathway will be described generally;

the specifications of each component will be given in the following section.

The left side of Figure 3.3 shows the 1064 nm laser, which is the laser

used to make the optical trap. The position of the trap in the sample is con-

trolled by the piezo-scanning mirror. The ellipsoidal shape of the trap remains

unskewed despite the lateral modulation due to the 1:1 telescope arrangement

of two lenses of the same focal length. The 1064 nm light is reflected off of

a dichroic mirror into the objective lens. Due to the size constraints of the

layout, the entire trapping pathway is elevated from the surface of the optical

table by an optical breadboard as shown in Figure 3.4. The breadboard is

28 mm tall and is clamped on top of six spacer disks, which are 7.6 mm tall.

Thus, the height of the trapping optics is 35.6 mm from the table.

On the right side of Figure 3.3, the 671 nm laser is used for Raman

excitation. The Raman excitation optical volume is created when the laser
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Figure 3.3: Diagram of Mechanical Modulation Raman Microscope.
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Figure 3.4: Picture of Mechanical Modulation Raman Microscope setup.

light is focused by the objective lens into the sample. The Raman excitation

volume overlaps with the 1064 nm optical trapping volume such that when an

object is trapped by the 1064 nm laser it will simultaneously be excited by the

Raman laser. This overlap is achieved by changing the voltage output of the

piezo controller, which in turn changes the lateral position of the optical trap

in the sample, and is discussed in further detail in Section 3.3.

Scattered light from the sample is collected by the objective lens and

directed through the back aperature. Collected light that has wavelength

1064 nm is reflected by the optical trapping dichroic mirror back towards the

1064 nm laser. Other wavelengths pass through the dichroic mirror. The

next dichroic mirror reflects 671 nm scattered light back toward the Raman

30



excitation laser. This light includes Rayleigh scattering from the sample. The

remainder of the light, which is due to Raman scattering, passes through the

dichroic mirror.

The dichroic mirrors filter the majority, but not all, of the stray light

and Rayleigh scattering from the detection pathway. However, some scattering

in the sample from out of the focal plane of the objective lens will be collected

and transmitted through the dichroic mirrors. In order to limit the photons

detected to those from the plane of interest, we implement confocal detection.

Light that is from out-of-plane is focused by a lens either before or after light

from the focal plane in the beam path. For confocal detection, the light that

passes through the dichroics is focused by a lens on to a 200 µm pinhole. The

out-of-plane scattered light is blocked by the material surrounding the pinhole,

and only the light from the focal plane passes through the pinhole. The 200

µm pinhole reduces the stray light by half going into the spectrometer (See

Section 3.3). Future experiments will make use of smaller diameter pinholes

for even better reduction of unwanted light.

After the scattered light from the focal plane passes through the pin-

hole, it is recollimated by another lens. The light is incident on a notch filter,

which blocks as much of the remaining Rayleigh scattered light as possible but

passes wavelengths both longer and shorter than 671 nm. Finally the remain-

ing light is focused by a lens onto the slit of a spectrometer. The spectrometer

consists of a single grating monochromater and a liquid nitrogen-cooled CCD.
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Brightfield imaging

Brightfield imaging of the sample is necessary to provide a visual con-

firmation of the identity of the sample from which Raman spectra are being

taken. Additionally it is crucial to have real-time brightfield imaging for align-

ment purposes. Brightfield imaging is achieved by illuminating the sample

from above with a halogen lamp (not shown). The scattered light from the

sample can be directed into an external CCD camera (XCD-X700, Sony) by

flipping a mount with a silver mirror held at 45◦ into the collection beam path.

A lens focuses the light onto the CCD, which is connected to the computer

for visualization at a rate at 15 frames/sec. Brightfield and Raman imaging

cannot be done simulatenously in this configuration. However, because it is

easy and relatively quick to switch between brightfield and Raman imaging,

it is possible to correlate the two images so that the particle from which a

Raman spectrum is collected is also identified in a brightfield image.

Fluorescence excitation

An additional pathway (not shown) is used for fluorescence excita-

tion. Fluorescence excitation is important for alignment (Section 3.3) and also

for experiments that require independent confirmation of molecular signature

apart from Raman signal. A 473 nm continuous wave laser (LDL-473-TM-30,

Laser Glow) has a beam diameter of 1.5 mm, and it is expanded to a diameter

of 4.5 mm by a 3X beam expander (Sill Optics, Germany). The 473 nm beam
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is reflected off a dichroic mirror and into the objective lens. The focal volume

of the 473 nm laser is overlapped in the sample with the Raman excitation

volume and the optical trapping volume.

3.2.2 Component specifications

The major components of the experimental setup for the Mechanical

Modulation Raman Microscope are the spectrometer, the Raman excitation

laser, the laser used for optical trapping and manipulation, and the 3-axis

positioning stage. Secondary components include the objective lens, dichroic

mirrors, notch filters, beam expanders and lenses, external visualization cam-

era, and piezo-scanning mirror. Each component has been carefully chosen

such that its specifications serve to maximize the sensitivity and resolution of

Raman detection. A brief description of each component will be given along

with the experimental rational for its necessity to the setup.

Spectrometer

The spectrometer is a combination monochromater and CCD (Pi-Acton).

The monochromater (SpectraPro-2360i, Acton Research Corp) contains a ro-

tating turret on which multiple diffraction gratings can be mounted. The

design is a classic Czerny-Turner configuration as shown in Figure 3.5. Light

is focused onto an entrance slit that is adjustable from a 10 µm opening to 3

mm opening. A small slit opening can act as a modified pinhole in the beam

path and provide confocal detection in one dimension. The f-number of the
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Figure 3.5: Diagram of standard Czerny-Turner monochromater. Light fo-
cused on the entrance slit is reflected onto a cylindrical mirror that collimates
the light and directs the light toward a diffraction grating mounted on an
adjustable turret. The diffraction grating spreads out the wavelengths from
the incident light and reflects them toward a second cylindrical mirror. This
mirror focuses the light onto a CCD.

aperture is f = 4, and the focal length of the spectrometer is 300 mm. The

light that enters the monochromater is reflected by a flat mirror towards an

aspherical mirror. The aspherical mirror collimates the light and directs it

at a reflective diffraction grating mounted on a rotating turret. The diffrac-

tion grating spreads out the incident wavelengths as discussed in Chapter 2.

Depending on the position of the turret, some of the reflected wavelengths of

photons hit another aspherical mirror and are focused on to the CCD. The

photons that miss the mirror are absorbed by the interior walls of the spec-

trometer and thus do not show up on the CCD image.

There are two diffraction gratings mounted on the rotating turret, 300

grooves/mm and 1200 grooves/mm, each with blaze 750 nm. The turret is
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rotated so the light in the spectrometer is incident on only one grating at a

time. Based on the needs of the experiment, one grating may be selected over

the other. The 300 grooves/mm grating was usually rotated so that 825 nm

was the center wavelength in order to prevent the Raman laser wavelength

from hitting the CCD. At this center wavelength position, the turret is at

angle 7.36◦ and results in a spectral range of 3031 cm−1 (275 nm) with a res-

olution of 3 cm−1 per pixel. Using the 1200 grooves/mm grating to achieve a

center wavelength of 750 nm gives a spectral range of 903 cm−1 (54 nm) and

a resolution of 0.7 cm−1 per pixel. For experiments where it is necessary to

compare wavenumbers across a large range, for instance to see the entire spec-

tral fingerprint of a molecule, 300 grooves/mm is ideal. When it is important

to have higher resolution over a short range of wavenumbers, for instance to

compare the heights of two peaks very close together, then 1200 grooves/mm

is preferred.

The CCD (Spec-10:100B, Princeton Instruments) is a 1340 by 100 pixel

imaging array. Each pixel is 20 µm by 20 µm for total chip dimensions of 26.8

mm in length by 2 mm in height. The horizontal length of the CCD allows

for a larger wavelength range than a standard 1024 pixel format. The CCD is

back-illuminated and cyrogenically cooled with liquid nitrogen to an operating

temperature of -120◦C for maximum dark noise reduction. With these features,

the CCD is able to achieve values for quantum efficiency between 60-85% for

wavelengths in the range of 700-850 nm. The CCD model was chosen for

this high quantum efficiency, which allows for short integration times with
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minimum noise. Short integration times are crucial for capturing fast processes

within cells.

Calibration of the spectrometer was achieved by reflecting light from gas

lamps containing neon and xeon into the slit opening. Spectra were recorded,

and wavelength assignments were made in correspondence to published spec-

tral data [52].

Raman laser

The laser used for Raman excitation is a 671 nm, single longitudinal

mode, 100 mW diode-pumped laser (RCL-100-671S, Crystalaser). The output

power is 101 mW and the beam diameter is 0.6 mm. Many Raman scattering

experiments performed on biological specimens are done with an infrared laser

in order to prevent autofluorescence of the sample that would overwhelm the

Raman signal. However, as explained in Chapter 2, the scattering intensity

is proportional to the fourth power of the frequency of the incident light. By

selecting a laser with a wavelength in the visible region of the optical spec-

trum, the Raman signal is at a maximum while the issue of autofluorescence

is eliminated. Anti-Stokes Raman scattering is longer in wavelength than the

incident laser line, so the signal of interest is shifted to the red of 671 nm.

Autofluorescence is typically green and so is easy to discriminate against by

changing the angle of the diffraction grating such that wavelengths shorter

than the laser line are not incident on the CCD. Additionally, the single mode
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property of the excitation laser is important so that all Raman shifts are re-

spective to a single frequency. By exciting with one known frequency, both

precision and accuracy is assured in wavenumber assignment.

Optical trapping laser

The laser used for optical trapping and manipulation is a 1064 nm, 10

W fiber laser. Selecting a laser in the infrared allows us to trap biological par-

ticles, like vesicles, without damaging the sample. Additionally, by choosing a

laser line with a significantly longer wavelength compared to the Raman laser,

any scattering from the trapping laser will not overlap with the Raman signal

in the spectra. The laser must be operated at 2 W to maintain power stabil-

ity. However, so that the objective lens is not damaged, the power is further

reduced. To achieve this, the 1064 nm laser is reflected off of the short-face

of a λ/10 prism at 45◦ with 8% reflectivity. Thus, the power of the beam

directed into the back of the objective lens is 101 mW. The diameter of the

laser beam is 5 mm, which slightly overfills the back aperature of the objective

lens (diameter 4.3 mm) to ensure uniform illumination of the objective.

Positioning stage

The stage used for sample manipulation is a three-axis piezo-positioning

stage (Nano-LP100, Mad City Labs). It has a traveling range of 100 µm in all

directions, x, y, z. The smallest possible step size of the stage is 0.2 nm. The
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position of the Raman excitation volume does not change since the objective

lens is in a fixed holder. Therefore, for a sample attached to the surface of a

cover slip, the stage position is adjusted so as to move different parts of the

sample into the Raman volume. Additionally, by changing the z-position of

the stage, the position of the bottom coverslip is changed, i.e. moved closer or

farther from an optically trapped particle.

For particles afixed to the surface of the coverslip, the stage is used to

manipulate the sample chamber so that the position of the particle relative

to the Raman excitation volume can be controlled. Additionally, to achieve

mechanical modulation spectra of such fixed surface particles, movement of the

stage is the means by which the particle is moved in and out of the excitation

volume. In the case of a mechanical modulation scan the limiting factor of

Raman detection is not step size of the stage but rather the diffraction-limited

volume of the Raman excitation volume.

Lenses

The objective lens is used for focusing incident laser light and for col-

lecting scattered light from the sample. The model used (Plan-NeoFluar,

Zeiss, Germany) is oil immersion, 100x magnification and 1.3 NA. The high

numerical aperture objective lens focuses the Raman laser to a small, ellip-

soidal volume elongated along the beam (z) direction. The size of this volume

is diffraction-limited, and is determined by the wavelength of the laser and

the numerical aperture of the lens to be approximately 1 µm for the long
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axis diameter and 400 nm for the short axis diameter. By choosing a high

NA objective lens, the smallest possible Raman excitation volume is achieved,

limiting scattering to the fewest molecules possible. The diameter of the back

aperature is 4.3 mm.

Additional lenses are used throughout the setup. To prevent skewing

of the optical trap, two 200 mm focal length, acromatic lenses are used as a 1:1

beam expander in the optical trapping pathway. These lenses are coated to

increase transmission and prevent scattering in the infrared (Thorlabs). A 2:1

beam expander is used in conjunction with a 35 mm focal length lens in order

to match the f-number of the spectrometer. The collected light is collimated

coming out of the back of the objective lens and has a diameter of 4.3 mm.

The light passes through a lens with focal length 30 mm followed by a lens

with a focal length 60 mm; the lenses are a distance of the combined focal

lengths (90 mm) apart. The beam is reduced in size from 4.3 mm to 2.15 mm

and then focused by the 35 mm lens onto the spectrometer slit opening. These

lenses are also anti-reflection coated for wavelengths in the visible.

A one-piece, 8X beam expander (Sill Optics, Germany) was used to

expand the Raman laser beam from its original diameter of 0.6 mm to 4.8 mm

such that the beam overfills the back aperature of the objective lens.

Mirrors

A silver mirror (Thorlabs) is mounted on a piezo-scanner and used to

reflect the 1064 nm laser beam into the 1:1 beam expander. An elliptical

39



silver mirror (Newport) is used to reflect the Raman laser upwards at 90◦

from the plane of the table into the objective lens. The same mirror reflects

the scattered light collected by the objective lens towards the spectrometer.

Finally, two silver mirrors are mounted onto a periscope in order to raise the

collected beam height from that of 65 mm above the surface of the optical

table to 124 mm, the height of the center of the spectrometer slit opening.

Piezo-scanner

The silver mirror in the optical trapping beam path is mounted on

a piezo-scanning device. The x-y position of the optical trap in the sample

plane is adjusted by changing the voltage applied to the piezo-scanner from

its power supply. The voltage can be changed manually for positioning of the

trapping volume. It can also be controlled by sending an output signal from

the computer to the power supply to vary the voltage sinusoidally, causing the

optical trap to oscillate back and forth between two positions in the sample.

Filters

Notch filters (Kaiser Optical) were used in the collection pathway in

order to further reduce Rayleigh scattering and back-reflection by the Raman

laser line. The optical density of the notch filters is greater than 6 at 671

nm. One notch filter was placed in a fixed holder at 90◦ to the beam path

directly in front of the lens that focuses light onto the spectrometer slit. After
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approximately two years, the amount of 671 nm light reaching the spectrometer

increased substantially during routine experiments. A second notch filter (not

shown in Figure 3.3) was added in the path before the beam expander and

reduced the laser line light levels seen in the spectra. After another year the

same increase in the Rayleigh peak occurred. The second notch filter was in

a holder where the angle of the filter with respect to the beam path could be

adjusted. The specifications of the notch filters indicated that the working

angle was 0◦, or 90◦ with respect to the beam path. However, by turning the

second notch filter to an angle between 15-20◦, the reduction in Raman signal

was recovered. Discussions with Kaiser Optical technicians confirmed that

over time, notch filters degrade such that the working angle must be increased

in order to block the unwanted light.

For experiments requiring mechanical modulation by the optical trap-

ping laser, the Raman laser power must be reduced relative to the 1064 nm

laser power so the particle is trapped by only the 1064 nm laser and does not

get trapped by the Raman laser. Two neutral density filters (not shown) of

optical density 0.5 and 0.6 (combined transmissity of 7.9%) were placed in

front of the Raman laser in order to reduce the power at the sample from 59

mW to 6 mW. This power is sufficiently low to allow a trapped particle to

be modulated in and out of the Raman excitation volume without its position

being affected by the Raman laser.

Optical table and holders
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Vibration control was provided by building the experimental setup on

an optical table (M-RS2000-36-8, Newport) with isolator legs (I-2000-428,

Newport). As mentioned, the separate 1064 nm optical trapping pathway

is raised above the incident Raman and collection pathways via an optical

breadboard (Newport) due to spatial constraints from the size of the optical

table and the dimensions of the individual pieces of equipment.

All lenses and the pinhole are mounted in two-axis micrometer posi-

tioning stages (OWIS, Germany). These stages are mounted on sliders that

screw onto optical rail that centers the optic at a height of 65 mm above the

optical table. Dichroic mirrors for the 671 nm and 473 nm lasers as well as

the silver mirror for brightfield imaging are in cube holders (Chroma Tech)

that are screwed onto flip mounts (Newport). Smaller sliders for 45 mm rail

(OWIS, Germany) have been machined to hold the flip mounts. In this way

the center of the mirrors is still at 65 mm.

Other holders for the beam expanders, objective lens, sample chamber

and notch filters were designed for the setup in SolidWorks and then fabricated

in the Physics machine shop at UT Austin. Additional parts designed in house

for the setup include the plate that holds the positioning stage and the pillars

that elevate the plate above the optical table.

3.3 Alignment

The alignment of the Mechanical Modulation Raman Microscope is

complex because of the multiple beam paths that must converge to the same
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point in the sample. Also, the complications of a small Raman scattering cross

section and scattered wavelengths in the near to infrared makes aligning the

collection pathway challenging. In this section, the approach to aligning each

pathway of the experimental setup will be explained.

3.3.1 Brightfield imaging

Brightfield imaging is used for visualization of the sample when Raman

measurements are not taking place. Because it is easy and relatively quick

to switch between brightfield and Raman imaging, it is possible to correlate

the two images so that the particle from which a Raman spectrum is collected

is also identified in a brightfield image. To illuminate the sample chamber

uniformly, a fiber optic with a halogen bulb is positioned above the sample

chamber and stage. The placement of the lamp does not require any special

alignment and can be repositioned easily to attain a desired brightness. Light

scattered off the sample is collected by the objective lens, which has a focal

length of 1.64 mm. The light is reflected off silver mirror held at 45◦ into the

collection beam path. A silver mirror mounted on a filter cube can be flipped

into the beam path via a flip mount screwed to a slider on a rail. The light is

incident on a lens that focuses the light onto the external CCD camera. The

focal length of the lens is 150 mm, so the CCD camera is positioned this length

from the lens. The true magnification of the image is the focal length of the

lens divided by the focal length of the objective lens, or 91X.
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Figure 3.6: Intensity profile of Raman excitation laser taken directly in front
of the laser head opening. White indicates the highest intensity at the beam
center, and dark blue indicates lowest intensity.

3.3.2 Raman and fluorescence excitation

The alignment of the 671 nm laser was achieved primarily using a beam

profiler (WinCam UCD-23, DataRay). The beam profiler consists of a CCD

chip of dimensions 8.8 mm by 6.6 mm and pixel size 6.45 µm square in a metal

casing that can easily be mounted on the rail system or placed stably into most

places in the beam path. The software that accompanied the beam profiler

takes images of the laser beam incident on the CCD chip from which the beam

diameter and intensity profile were determined. An image of the Raman laser

beam directly out of the laser head is shown in Figure 3.6. Moving the beam

profiler backward and forward on the rail system allows for the position of

the center of the beam to be monitored. Position adjustments are made to

the holder of each optical component in order to ensure the incident beam
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is centered exactly. The image of the beam also shows the beam diameter

at the CCD chip of the profiler. By checking the beam diameter at different

positions along the beam axis, it can be determined if the beam is diverging

or converging. Again, adjustments to the components are made such that

the beam is collimated. The Raman laser beam passes through a 8X beam

expander increasing the beam diameter from 0.6 mm to 4.8 mm. The x-

y position of the beam expander is adjusted by inserting thin foil between

the expander and its holder, while the z-position (beam axis) is adjusted by

moving the expander back and forth on the rail system. The expanded beam

is reflected off of a dichroic mirror held at 45◦ in the plane of the table to

the beam in a filter cube holder. The dichroic mirror position is adjusted by

inserting foils between the cube holder and its mount. The mount is attached

to a slider that can be adjusted back and forth on the rail. The reflected

Raman beam is reflected upward from the table by a silver mirror held at 45◦

to the table in a mount on a rail. Foils are inserted to finely adjust the angle

of the mirror, and the lateral position of the mirror is adjusted on the rail.

At this position in the beam path, the beam is incident on a fixed objective

lens. Figure 3.7 shows the beam profile of the Raman laser at this position

with the objective lens removed. Circular patterns in the image are the result

of scattering off of dust particles on the front lens of beam expander. It is

important to monitor the condition of the lenses and mirrors in the setup

for dust particles, which deform the beam profile, causing a non-symmetric

intensity distribution in the sample. To check for collimation of the beam at
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Figure 3.7: Intensity profile at the back aperature of the objective lens for the
expanded Raman excitation beam after it passes through all other incident
pathway optical components. Red is the highest intensity as seen at the center
of the expanded beam, and dark blue is lowest intensity as seen at the edges
of the image.

the back aperture of the objective lens, a shear cube is placed at the position

of the objective lens.

The 473 nm laser used for fluorescence excition was aligned using the

same process with the beam profiler. The original beam is expanded from 1.5

mm to 4.5 mm with a 3X beam expander. In order to integrate the beam into

the incident pathway it is reflected off a silver mirror at 45◦ onto a dichroic

mirror mounted in the same way as the Raman dichroic mirror. The reflected

beam overlaps the Raman beam and is directed into the back aperature of the

objective lens.

In order to perfectly overlap the fluorescence and Raman excitation
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beams, a plumb-bob was hung from the ceiling directly over the center of the

objective lens holder. A printed target was taped to the ceiling in exactly the

place where the plumb-bob was hung. Both beams were adjusted such that

they were centered on the objective lens holder opening and the target on the

ceiling. This method provided a fairly accurate coarse overlap. When a sample

with fluorescent, micron-sized beads was placed on the sample holder, the 671

nm laser trapped a bead and the 473 nm excited fluorescence emission from

that bead, which can both be seen in a brightfield image. In order to further

fine-tune the overlap of the two laser focal volumes, small adjustments were

made to the optical components in the fluorescence pathway while watching the

real-time images of the brightfield and fluorescence simultaneously. Figure 3.8a

shows a brightfield image of two beads of 1 µm diameter trapped by the Raman

laser at full power. In Figure 3.8b the 473 nm is also incident on the trapped

beads, and intense fluorescence emission is observed from the beads.

3.3.3 Collection of scattered light

Following the alignment of the multiple pathways incident on the sam-

ple, the scattered light from the sample is collected by the objective lens and

must be directed into the spectrometer for analysis. The first step to collec-

tion path alignment is to use bulk material as a sample instead of the standard

sample chamber with small particles in solution. The high scattering inten-

sity of bulk material facilitates coarse adjustments of the optical pathway if

necessary to ensure Raman scattering is incident on the spectrometer CCD.
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Figure 3.8: a) Brightfield image of 2, one micron fluorescent beads trapped by
the Raman laser at full power. b) Brightfield image of the same fluorescent
beads trapped by the Raman laser at full power with the 473 nm laser turned
on. The intensity of the image is a combination of brightfield scattering and
fluorescence emission, demonstrating that the Raman excitation volume and
the fluorescence excitation volume overlap.

In the coarse alignment, scattered light from the sample is observed with the

beam profiler placed in the beampath after the Raman dichroic mirror, and

the beam is monitored for collimation and orthagonality to the first lens in the

2:1 beam expander. The beam profiler is used to track the scattered light as

it is focused by the first lens and recollimated by the second lens in the beam

expander. The beam is incident on the bottom mirror of the periscope and

is directed upward, at 90◦ to the table top. A second mirror in the periscope

reflects the light another 90◦, so that the beam is again parallel to the table,

but raised to the height of the entrance slit to the spectrometer. A final lens

focuses the light onto the spectrometer slit. The spectrometer is heavy and

needs to be moved very carefully so that its internal optical components expe-

rience minimal vibrations. It is easier to make fine adjustments to the position
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Figure 3.9: Spectrum of bulk polystyrene. Obtaining a spectrum of bulk ma-
terial is the first step to coarsely align the collection optics of the instrument.
The characteristic peaks at 620, 1001, 1155, 1450, 1602, 2905, 3054 cm−1

match other published spectra for polystyrene [58, 44].

of the final lens than to the large and fragile spectrometer.

For coarse alignment with a bulk material, a piece of polystyrene with

an area of several square centimeters was cut from a petri dish and placed on

top of a layer of immersion oil on the objective lens. The piece of polystyrene

was 1 mm thick, and the placement of it on the objective lens ensured that

the focal volume of the Raman laser was inside the material. Figure 3.9 is

a spectrum of the polystrene bulk material. The peaks match the known

spectrum of polystrene [58, 44].

After coarse alignment has been confirmed with bulk material, the next

step is to align the spectrometer using material in the sample chamber. A
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thin layer of nail polish, immersion oil, or vacuum grease can be applied to the

inner surface of the bottom coverslip of the sample chamber, and a spectrum

can be taken of the thin film (Raman database for the MMRM in Appendix

A) to establish the location of the Raman laser focal volume within a few

micrometers of the bottom coverslip. Adjustments to the collection optics can

be made to maximize the Raman signal on the CCD from the thin aqueous

layer.

It is necessary to finely align the spectrometer to scattering specifically

from the detection volume in the sample chamber. The Raman scattering,

however, from a single bead in the Raman detection volume is too faint to

see by eye or with a standard room temperature CCD like the beam profiler.

Due to the versatility of the setup, fluorescence emission from a bead can be

tracked instead of Raman scattering to align the optical components in the

detection pathway. Figure 3.10a is an image from the liquid nitrogen-cooled

spectrometer CCD of a fluorescence emission of a bead trapped by the Raman

laser, like the bead shown in Figure 3.8b. The corresponding fluorescence

emission spectrum is shown in Figure 3.10b. The grating angle within the

spectrometer is chosen so that the central wavelength on the CCD is 525 nm,

the middle of the emission range for yellow-green fluorescent beads (Invitrogen,

Molecular Probes [38]). After the beam expander, pinhole, periscope, and lens

have been coarsely aligned using the beam profiler to monitor the fluorescence

signal from the bead, these components are independently finely tuned to

maximize the intensity of the emission spectrum. Since the fluorescence and
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Raman scattering are originating at the same location in the sample chamber,

the grating can be rotated to a central wavelength relevant to the Raman

peaks, for example, 825 nm, and the Raman signal will be collected from the

bead. The final alignment step is to continue to tweak the position of the

focusing lens as well as the entrance slit opening to ensure the Raman signal

from the detection volume is at a maximum.

3.3.4 Separate optical trapping

The 1064 nm laser used for optical trapping and mechanical modulation

was aligned using the same process as the other incident beams. The laser

is reflected off a prism, then off a silver mirror mounted on a piezo-scanner

and through a 1:1 beam expander. The first lens (f = 200 mm)of the beam

expander is located 200 mm from the piezo-scanning mirror. The second lens

(f = 200 mm)of the beam expander is placed 400 mm from the first lens and

is approximately 200 mm from the back aperture of the objective lens. The

beam is then reflected upward from the plane of the optical table by a dichroic

mirror at 45◦ and into the objective lens. The plumb-bob/target technique

was used to coarsely overlap the 1064 nm beam with both the 671 nm and

473 nm beams. An exact overlap of focal volumes, which is crucial for the

mechanical modulation technique, must be obtained. Figure 3.11 shows the

position of a 1 µm bead trapped in the 671 nm laser (Raman) and the 1064

nm laser after coarse alignment.

In order to finely align the separate optical trap with the Raman ex-
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Figure 3.10: a) Image from the spectrometer CCD of a yellow-green fluorescent
polystyrene bead trapped by the 671 nm laser but excited by the 473 nm laser.
b) Spectrum of fluorescence emission from the same trapped bead. Since
the Raman scattering from a trapped particle is too small to be seen with
an external CCD, fluorescence emission is used to finely align the collection
pathway. The fluorescence signal is observed by rotating the diffraction grating
so that the center wavelength hits in the middle of the CCD (a). When the
optics have been adjusted such that the fluorescence signal is maximized, the
diffraction grating in the spectrometer is rotated to observe the relevant Raman
wavelengths.
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Figure 3.11: One micron-sized beads trapped in both the 671 nm (Raman)
laser and the 1064 nm laser. The positions of the two laser focal volumes do
not overlap in the x-y plane in the sample after coarse alignment. Additionally,
the beads do not appear to both be in focus at the same time, indicating that
the focal volumes do not overlap completely in the same z-plane in the sample
chamber. Fine adjustments are made to the voltage applied to the piezo-
scanning mirror in order to move the 1064 nm focal volume on top of the 671
nm focal volume. Final alignment of the two focal volumes is achieved by
taking continuous Raman spectra while fine-tuning the position of the 1064
nm trapping volume. When the maximum Raman signal is collected, the focal
volumes are exactly overlapped.
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citation volume, the voltage settings on the piezo-scanner were slowly varied

while a bead was trapped by the 1064 nm laser. Changing the voltage applied

to the piezo-scanner changes the position of the mirror that reflects the 1064

nm beam into the objective lens. Thus, the position of the optical trap in

the x-y plane in the sample chamber is altered. From the real-time brightfield

image of a trapped particle, the position of the separate trap is adjusted until

it overlaps exactly with the Raman excitation volume. The position of the

Raman excitation volume is known from trapping a particle with the 671 nm

laser and marking its position on the brightfield image with crosshairs at its

exact pixel position. Once the bead in 1064 nm trap is in the same position

as the Raman crosshairs, the Raman laser is turned on full power. The high

intensity of the Raman laser at full power will pull the bead out of the 1064

nm trap and into the 671 nm focal volume. By watching the brightfield image

of this process and repeatedly opening and closing the aperture of the Raman

laser, the x-y position of the bead is monitored as it switches between traps.

When the position of the trapped bead ceases to change, then the two traps

are overlapped in the x-y. If the bead does not change position in the x-y plane

but moves in and out of focus as the Raman laser is turned on and off, then

the z-position of the optical trap must be adjusted so that the focal volumes

overlap along the beam axis. The z-position of the 1064 nm trapping volume

in the sample chamber can be changed by adjusting the position of the first

lens along the rail in the 1:1 beam expander in the 1064 nm incident pathway.

Doing so will slightly skew the optical trap so the focus is either closer or
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further from the coverslip. The skew is not enough to prevent a bead from

being trapped altogether.

The final adjustments to the alignment of the overlap of the two focal

volumes are made using the actual Raman spectra of beads in the separate

optical trap. The neutral density filter is placed in the Raman beam path to

reduce the power such that a bead in the sample is trapped only by the 1064 nm

laser. Instead of taking continuous brightfield images of the bead in the trap,

consecutive Raman spectra are taken, and the intensity of the Raman peaks is

monitored. The position of the piezo-scanning mirror is incrementally changed

in both x and y until the maximum intensity of Raman signal is reached.

Additionally, the distance between the lenses of the 1:1 beam expander is

adjusted, changing the z-position of the bead in the sample chamber. When

the maximum Raman intensity has been reached, the alignment is complete.
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Chapter 4

Characterization of the Mechanical

Modulation Raman Microscope

The Mechanical Modulation Raman Microscope (MMRM) is designed

so that background scattering can be removed from Raman spectra collected

from complex biological environments. It is also designed so that noise is

significantly reduced in the spectra. After careful consideration of the design

of the instrument and precise alignment of its components, the performance

of the MMRM is characterized.

In the first section of this chapter, data demonstrating the detection

capabilities of the Raman microscope without mechanical modulation are pre-

sented. Next, results are shown from mechanical modulation experiments for

particles both in solution and attached to the surface of a coverslip. Finally,

experiments using mechanical modulation for lipid vesicles were performed to

test the MMRM on a model biological structure. Spectra from lipid vesi-

cles demonstrate the capacity of the MMRM to be used to examine cellular

structures in vivo.
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4.1 Characterization of Raman detection

As described in the previous chapter, a methodical procedure was uti-

lized to provide a precise alignment to the MMRM setup. After fine-tuned

adjustments were made to the optical components in the collection pathway,

a maximum Raman signal was detected for a polystyrene bead trapped by the

Raman laser itself. The bead was observed to be trapped by the Raman laser

via brightfield imaging. Figure 4.1 shows a spectrum from a 1 µm bead plot-

ted with a spectrum from the bulk polystyrene material previously shown in

Figure 3.9. The prominent peaks, for instance at 1001 cm−1 and 1602 cm−1, in

both spectra are located at the same wavenumbers, although the intensity of

the peaks as well as the background is different. The peaks agree with known

polystyrene spectra [10, 44].

After confirming that a particle localized to the focal volume of the

Raman laser could be identified by its characteristic spectrum, the detection

capabilities of the instrument were determined by varying certain parameters,

such as integration time and slit opening width. These parameters as well as

the detection limits of the instrument are discussed in the following sections.

4.1.1 Molecular identification

Identifying different particles using their corresponding Raman spectra

is essential to the functionality of the MMRM. Figure 4.2 shows Raman spectra

from beads of two different materials and sizes: 1 µm polystyrene (blue) and

2 µm melamine resin (red)[19]. A sample containing both types of beads was
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Figure 4.1: Raman spectra of bulk polystyrene (top, blue) and a 1 µm
polystyrene bead (bottom, red). The bead is trapped in the focal volume
of the Raman laser. The integration time for each spectrum was 300 ms, and
the slit opening was 50 µm. Rayleigh scattering at 671 nm is shown on the
spectrum as a peak at 0 cm−1, indicating no Raman shift.

Figure 4.2: Spectra for a 1 µm polystyrene bead (blue) and a 2 µm melamine
bead (red) in the same sample. The integration time was 1 s, and the slit
opening was 50 µm. The region of interest, discussed in the next section,
included rows 48-50 on the CCD.
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prepared, beads were trapped by the Raman laser, and spectra were taken

with an integration time of 1 s. Brightfield images confirmed which type of

bead was in the Raman detection volume at a given time since the melamine

beads were noticeably larger than the polystyrene beads.

Anomalous scattering peaks

In a significant fraction of the spectra collected with the MMRM, there

is an ’extra’ peak located at wavenumber 2535 cm−1 and often a secondary

peak at 2505 cm−1. The location of these peaks do not change between sam-

ples, but the intensity does vary. A database search of vibrational energies

from 2500-2600 cm−1 did not reveal any molecular species that are in the sam-

ples being used [53]. It was originally speculated that this feature was due to

some external light source, such as the room lights, computer screen lights, or

LEDs from various instruments, even though most of these sources are either

turned off or blocked during data collection. All of these sources have been

ruled out, however, because measured spectra did not contain peaks at the

proper location. Other potential sources ruled out were the coverslip glass,

the immersion oil, nail polish and vacuum grease, the latter two being typical

materials used to adhere coverslips to metal sample chambers [See Appendix

A for spectral database]. Additionally, the peaks are not ghost lines, which

are spectral features caused by imperfections in the diffraction grating, since

the peaks appear at the same wavenumber in spectra taken with either the

300 g/mm or 1200 g/mm grating [18].
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To further investigate the origin of these peaks, spectra were collected

with the objective lens in place but without a coverslip or sample of any kind.

A drop of immersion oil was placed on the objective lens, and spectra were

taken continously. Initially, the spectra contained peaks characteristic to the

immersion oil as well as the anomalous peak. As the drop spread out on the

top of the objective lens, the layer of oil thinned, and the anomalous peak

intensity became considerably larger, while the intensity of the Raman peaks

lessened. After several seconds, the peaks from the oil were gone, as the

thickness of the immersion oil had become less than the focal length of the

objective lens. The anomalous peak, however, remained. These spectra were

correlated to scattering images: When the 2535 cm−1 peak was most intense,

the images were the brightest on the external camera. Further experiments

were done with a coverslip but no sample materials, and results were similar;

the extra peak was most intense when the coverslip is at a height above the

objective lens where the most light is reflected into the external camera. Data

from these experiments are shown in Appendix B. These findings lead to the

conclusion that the anomalous peaks at 2535 cm−1 and 2505 cm−1 are related

to high intensity scattering off interfaces where there is a change in the index

of refraction, and they are not related to a specific molecular source.

4.1.2 Spatial resolution

Spatial resolution has several meanings in regard to the experimental

setup. The spectral resolution, i.e. resolving two separate Raman peaks on
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the spectrometer CCD that are close in wavenumber, is one important aspect.

Additionally important is the capability of the instrument to detect Raman

scattering from a limited volume within the sample chamber. The minimum

separation of two particles in the sample chamber that allows the collection of

Raman light for only one of the particles is the lower limit for spatial resolution

in this sense. Spatial resolution inside the sample is determined by a number

of factors: the excitation volume of Raman scattering, the NA of the objective

lens, the alignment of the collection optics, the placement of a pinhole for con-

focal detection, the size of the entrance slit opening, and the region of interest

chosen on the CCD. These factors are discussed in the following sections.

Raman excitation volume

The initial limiting factor is the volume of the Raman excitation re-

gion. This ellipsoidal volume is determined by the frequency of the laser, the

collimation and diameter of the laser, the NA of the objective lens and the

index of refraction of the sample. The excitation volume is diffraction-limited,

meaning the short diameter of the focal volume should be approximately half

of the wavelength of the laser. The length of the focal volume is elongated

along the beam axis. For the 671 nm Raman laser, the cross-wise length of

the focal volume should be about 335 nm, and the length along the beam axis

should be on the order of 1 µm.

The Raman excitation volume can be measured by creating a Raman

map of an object attached to the sample surface. The object is scanned
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Figure 4.3: Raman scan images of 1 µm polystyrene and 2 µm melamine beads
fixed to the coverslip surface in the sample. The intensity of the Raman peak
for polystyrene at 1001 cm−1 and for melamine at 969 cm−1 is plotted for each
position. The step size for polystyrene is 100 nm and for melamine is 500 nm,
and the integration time for a spectrum taken at each point is 1 s for both
beads.
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Figure 4.4: Raman scan image of a 200 nm polystyrene bead attached to the
surface of the coverslip. The intensity of the Raman peak for polystyrene
at 1001 cm−1 is plotted for each position. The step size is 100 nm, and the
integration time for each point is 1 s. The white-to-black scale is from most
intense to least intense.

through the Raman excitation volume by incrementally moving the stage and

recording a spectrum at each position. The intensity of a characteristic Ra-

man peak associated with the object is then plotted for each stage position.

Figure 4.3 shows the Raman scan images, without confocal detection, of a 1

µm polystyrene bead (left) for wavenumber 1001 cm−1 and a 2 µm melamine

bead (right) for 969 cm−1 attached to the coverslip. Brightfield images depict

the relative size of each bead as the bead diameters are large relative to the

focal volume diameter, and thus in the Rayleigh regime. From the Raman im-

ages, the polystyrene and melamine beads appear to have diameters of 1.3 µm

and 2.5 µm, respectively. The difference between the diameters in the Raman

and the brightfield images indicates that the width of the Raman excitation

volume is indeed diffraction-limited. Since Raman light is scattered when even

part of the bead is in the excitation volume, the bead radius should appear
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Figure 4.5: Raman spectra of a 1 µm polystyrene bead in 671 nm laser trap
with (bottom, blue) and without (top, red) a 200 µm pinhole located at the
focal point of the first lens in the collection path beam expander. The pinhole,
which is larger than the focal volume, still blocks about 25% of the background.

larger by half the focal volume. To more accurately determine the spatial res-

olution, a Raman map of a 200 nm polystyrene bead was collected as shown in

Figure 4.4. The 200 nm bead in this image appears to have a diameter of 550

nm, or a radius that is 175 nm larger than its actual size, which is reasonable

for the theoretical radius of a diffraction-limited focal volume for a 671 nm

laser.

Confocal detection

Confocal detection can limit the Raman detection volume in the sam-

ple in the z-direction by preventing out-of-plane scattering from entering the

spectrometer [15, 63]. Out-of-plane and in-plane scattering are focused by the
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objective lens to different positions along the collection beam path. By plac-

ing an aperture in the beam at the exact location of the in-plane focus, the

majority of out-of-plane scattering will be blocked by the material surround-

ing the aperture. There are two apertures in the collection pathway of the

MMRM, the 200 µm pinhole and the slit of the spectrometer. The pinhole is

much larger than the orthogonal diameter of the focal volume for wavelengths

that are Stokes-shifted from the Raman laser. Therefore, the majority of the

Raman scattered light is able to pass through, while about a quarter of the

background scattering is blocked, as shown in Figure 4.5.

Additionally, the spectrometer slit opening can act as a pinhole in

the direction horizontal to the collection beam path, depending on its width

[46, 84]. Figure 4.6 shows spectra for a bead in the Raman volume for a

number of slit widths. For a slit opening of 50 - 100 µm, there is a trade-off

between reducing the slope of the background and decreasing the signal inten-

sity. The Raman scattering that contributes to the peak intensity for these

data, however, is likely coming from parts of the bead that are out of the focal

plane because 1) a 1 µm bead is large relative to the focal volume, and 2)

the slit opening is much larger than the diameter of the focal volume. Clos-

ing the slit blocks out-of-plane scattering from entering the spectrometer, and

thus reduces the peak intensity and the background. To determine the lower

limit of restricting the detection volume, a slit opening of 10 µm was used

(bottom spectrum), and the 1001 cm−1 polystyrene peak remained detectable,

although most of the other characteristic peaks were not distinguishable above
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Figure 4.6: Raman spectra of a 1 µm polystyrene bead in the 671 nm laser
trap for spectrometer slit openings of 100 - 40 µm, and 10 µm, with the spectra
shown in descending order. The integration time for each spectrum was 1 s.
The overall signal intensity decreases when the slit opening is reduced. For
slit openings wider than shown here, the overall signal intensity remains about
the same as for the 100 µm opening.
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Figure 4.7: CCD image of the scattering from a 1 µm polystyrene bead in the
671 nm laser trap. Both axes are pixels; the aspect ratio has been exaggerated
for visualization purposes. The intensity from high to low goes from white
to black. The dashed lines indicate a region of interest that is three pixels
in height. Choosing this region over which to sum prevents out-of-focal-plane
photons from from being included in the spectrum.

noise. For slit openings larger than 100 µm, both the Raman signal and the

background are similar in intensity to the spectrum collected with a 100 µm

opening.

In the vertical direction, the background scattering is limited by choos-

ing a region of interest (ROI) on the CCD over which to average. The collection

lenses can be aligned such that the Raman photons are focused on only a few

rows of the CCD while the background scattering is more diffusely spread

over the chip, as shown in Figure 4.7. By selecting the rows across the CCD

on which the Raman photons are incident, the background is reduced in the

spectrum, which is the vertical average of the pixels in the ROI. In Figure 4.8,

spectra are made by either averaging over the whole chip (blue) or over a ROI

consisting of three central rows of pixels (red). Since the height of each pixel is

20 µm, choosing 3 rows is equivalent to placing a 60 µm horizontal slit in the

beam path [16]. The average slope of the background in this case is reduced by
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Figure 4.8: Raman spectra of a 1 µm polystyrene bead in the 671 nm laser
trap created by averaging over the vertical height of the whole chip (top, blue)
and over only the height of 3 rows of pixels (rows 48-50 as shown in Figure 4.7;
bottom, red). By averaging over the ROI, the average slope of the background
is reduced by a third compared to the background when averaging over all
rows.
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a factor of three. Thus, selecting an appropriate ROI is an additional option

for reducing the overall background intensity.

Spectral resolution

The ability to distinguish between two different Raman peaks in a spec-

trum is dependent on the diffraction grating on which the collected light is

incident as well as the pixel size of the CCD chip. Gratings with a higher

number of grooves per millimeter increase the angular distance between the

wavelengths of diffracted light. Since the size of the CCD chip remains the

same, and a grating with a high number of grooves spreads the light out, only

a small range of wavenumbers is actually incident on the CCD; the other pho-

tons are absorbed by the walls of the spectrometer. For a grating with fewer

grooves, the light is spread out less, and so a larger range of wavenumbers is

detected. The grating-dependent spectral range is spread over a fixed number

of pixels on the CCD. The ability to resolve one wavenumber from another is

better for gratings with more grooves because with a smaller spectral range,

each pixel contains fewer wavenumbers. Figure 4.9 shows spectra collected for

a polystyrene bead using 300 g/mm (red, top) and 1200 g/mm (blue, bottom)

gratings. As shown in Figure 4.9a, the spectral range for the 300 g/mm grat-

ing is 3031 cm−1 and is 903 cm−1 for the 1200 g/mm grating [37]. The 1200

g/mm grating does not permit the entire known polystyrene spectrum to be

detected at once, in this case, excluding peaks at wavenumbers above 1700

cm−1. Figure 4.9b shows, though, that the resolution of wavenumbers is more
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Figure 4.9: Comparison of the diffraction gratings in the spectrometer. A
spectrum of a 1 µm polystyrene bead in the Raman trap is collected using
either the 300 g/mm (red, top) or the 1200 g/mm (blue, bottom) gratings. a)
The spectral range is 3031 cm−1 and 903 cm−1 for the 300 g/mm and 1200
g/mm gratings, respectively. b) Zooming in on a particular range of wavenum-
bers shows that the 1200 g/mm grating affords a wavenumber resolution that
is 4 times greater than the 300 g/mm grating.
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Figure 4.10: Integration times of 1 s (gold), 500 ms (blue), 300 ms (green) and
100 ms (red) for a 1 µm polystyrene bead in the Raman trap at full power.
The height of the Raman peaks is linearly proportional to the integration time.
The slit opening was 50 µm.

than four times better for the 1200 g/mm grating (0.7 cm−1 per pixel) than

the 300 g/mm grating (3 cm−1 per pixel). Depending on the experiment, it

may be desirable to detect a large spectral range with the 300 g/mm grating,

or instead, to use the 1200 g/mm grating to highly resolve a set of neighboring

peaks.

4.1.3 Temporal resolution

Biological processes occur at various time scales; for instance, the pro-

cess of cell division takes several hours, while membrane raft formation may

happen in only hundreds of milliseconds [61]. The speed at which spectra can

be taken is important in relation to the time scale of the biological process
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under investigation. In order to temporally resolve changes in the cell, molec-

ular information must be collected on a shorter time scale than that of the

changing cellular structure or environment. Thus it is necessary to determine

the minimum integration time needed to detect the Raman signature from a

sample using the MMRM.

The speed of Raman data collection is the sum of the integration time

and the CCD readout rate. The analog-to-digital conversion rate per pixel used

for all the spectra shown so far is 0.5 MHz (the range for the spectrometer is

from 50 kHz to 2 MHz), and the total readout rate of the chip depends on

the size of the ROI. Thus, the limiting factor in the experiments presented is

the integration time. Depending on the nature of the experiment, longer or

shorter integration times may be needed. For instance, to fully characterize

the molecular content of a sample, a full spectrum of peaks is necessary, and

the integration time must be long to ensure that even small Raman peaks are

visible above noise. However, if information about the sample is known prior

to experiments, then a shorter integration time may be enough to detect only

one or two specific peaks above the noise level.

Figure 4.10 shows spectra taken with a range of integration times for a

polystyrene bead trapped by the Raman laser. The number of Raman photons

scattered should be linearly proportional to integration time, until detector sat-

uration. For an integration time of 1 s (gold, top), most of the peaks associated

with polystyrene are observable. However, even with a short integration time

of 100 ms (red, bottom), the tallest polystyrene peak at 1001 cm−1 is visible,
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clearly indicating the presence of the bead in the Raman detection volume.

Polystyrene particles are solid, dense spheres of repeating polymer

molecules, so biological structures that are less densely packed will have smaller

Raman peak intensities for the same integration time. Thus, the temporal res-

olution of the MMRM is dependent on the sample.

4.2 Results from implementation of mechanical modu-
lation

The spatial resolution, temporal capacity and ability to differentiate be-

tween different molecules in the same sample were measured for the MMRM as

described. With these characteristics determined, mechanical modulation was

implemented, and the resulting Raman spectra were analyzed. This section

presents the results from mechanical modulation Raman spectra for a model

system: polystyrene particles in solution. Additionally, to test the setup on bi-

ologically relevant particles, lipid vesicles were used as samples for mechanical

modulation, and data from these experiments are shown.

4.2.1 Background removal

Background removal is essential to resolving signal from biological par-

ticles inside a cell. The complex, aqueous cellular environment scatters when

light is incident on it [84]. Additionally, the coverslip scatters in the broadband

creating a large amorphous background seen in many data sets [10]. Therefore,

the Raman spectra obtained for biological particles in samples typically con-
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tain a large background feature that can overwhelm the actual Raman peaks

from the particle of interest. The mechanical modulation scheme addresses

this issue by facilitating collection of a spectrum both with and without the

particle. In post-processing, the background spectrum is subtracted from the

spectrum containing the particle.

A solution of polystyrene beads in deionized (DI) water was used as a

sample to test the background removal capability of the instrument. A single

bead was trapped by the 1064 nm laser and, via the piezo-scanning mirror,

manipulated into the Raman detection volume. A spectrum of this bead is

shown in Figure 4.11a. The integration time was 3 s. In Figure 4.11b the

spectrum of the Raman detection volume without the particle is shown. The

differences between the spectra are subtle: the peaks at 1001 cm−1 and 1602

cm−1 are the distinguishing features of polystyrene that are present in the

top spectrum but not in the bottom spectrum. The less intense peaks in

the polystyrene spectrum are not clearly distinguishable due to the noise and

background.

Figure 4.12 shows the difference spectrum that is the result of sub-

tracting Figure 4.11b from Figure 4.11a. The average background level in

the difference spectrum is two orders of magnitude less than the background

from both the original spectra. Additionally, the amorphous shape of the back-

ground is gone; the low background level that remains is mostly flat. However,

while the Raman peaks associated with polystyrene are somewhat visible, they

are not easily resolved due to the high noise level in the spectrum.
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Figure 4.11: a) Spectrum of a trapped 500 nm polystyrene bead in the Ra-
man detection volume. The background level is around 210 a.u. Relevant
polystyrene peaks can be seen above background levels at 1001 cm−1 and 1602
cm−1; other polystyrene peaks are obscured by the background and noise. b)
Spectrum taken with the bead moved out of the Raman detection volume by
the 1064 nm optical trap. The polystyrene peaks are no longer present, but
the spectrum still contains a large, broadband background. The large peak
at 2535 cm−1 is an artifact from scattering off the coverslip. The integration
time for each spectra was 3 s, and the slit opening of the spectrometer was
100 µm.
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Figure 4.12: Difference spectrum created by subtracting the spectrum of the
environment (Figure 4.11b) from the spectrum of a 500 nm polystyrene particle
(Figure 4.11a). The background level for the difference spectrum is 4 a.u., a
reduction of two orders of magnitude from the levels of the original spectra.

4.2.2 Noise reduction

As seen the in Figure 4.12, a single difference spectrum may have a

significantly reduced background, but the noise level may still be too high to

resolve low intensity Raman peaks for the particle of interest. In order to im-

prove the signal-to-noise ratio, the mechanical modulation cycle is repeated,

and the difference spectra are averaged. Figure 4.13 shows mechanical mod-

ulation spectra across several orders of magnitude of the number of cycles.

The bottom (purple) spectrum is the same spectrum as shown in Figure 4.12,

and ascending spectra are for 10 (blue), 100 (green), and 1000 (red) cycles.

The spectra are offset for clarity; for each spectrum the average background is

approximately 3 a.u. Clearly, the background has been similarly removed in
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each case; however, the noise level undergoes greater reduction with increasing

number of cycles.

The signal-to-noise ratio is quantified by measuring the intensity of a

characteristic peak and comparing it to the intensity of the root-mean-square

(RMS) value of part of the spectrum that is relatively flat and does not contain

significant Raman signal. The height of the peak at 1001 cm−1 was chosen

as it is the tallest polystyrene peak in the spectrum. For an average noise

intensity, the RMS value was taken from the portion of the spectrum from

2000-2100 cm−1. Figure 4.14 is a plot on a log-log scale of the SNR versus the

number of mechanical modulation cycles. The slope of the SNR is close to the

slope of the line for the square root of the number of cycles, as expected from

Poisson statistics [79].

The mechanical modulation process is easily repeatable with a variety of

solid particles of differing materials and sizes. Mechanical modulation spectra

have been taken for polystyrene particles as small as 200 nm in diameter and

for a number of chemical surface modifications.

4.2.3 Application to lipid vesicles

Complete mechanical modulation spectra have been collected for polystyrene

particles using the MMRM. The ultimate purpose of the instrument, however,

is to collect data from cellular structures in vivo. There are several key differ-

ences in terms of how the Raman signal is affected between the beads used in

the characterization experiments described previously and sub-cellular struc-
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Figure 4.13: Raman spectra for varying numbers of mechanical modulation
cycles. From the bottom to the top spectrum the number of cycles is 1 (purple),
10 (blue), 100 (green), and 1000 (red). The signal-to-noise ratio improves when
averaging over greater numbers of cycles. Spectra are offset for the purpose
of clarity; the average background for each spectrum is approximately 3 a.u.
The integration time for one cycle was 6 s (3 s with the particle moved in and
3 s with the particle moved out of the Raman detection volume). The slit
opening of the spectrometer was 100 µm.
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Figure 4.14: Signal-to-noise ratio versus number of cycles. The data are for
the spectra shown in Figure 4.13. The line showing the slope of the square
root of N cycles is for comparison purposes.

tures. Structures inside cells are made of many different molecules, whereas

beads consist of a repeating styrene polymer chain. The cellular structures

are also in a molecularly complex, aqueous environment, while the beads are

in filtered, deionized water. Additionally, the density of the bead compared

to a cellular structure is high, as the bead is tightly packed with the polymer

chain, and a similarly-sized organelle may be mostly membrane and thus filled

internally with cytosol [2].

To test the sensitivity of the setup for such structures, a model sample

of lipid vesicles was used. A lipid vesicle is a sphere with a surface consisting

of a bilayer of lipid molecules and an inner volume of solution. Vesicles are

common in vivo and are used by the cell for storage and transport of molecules

[2]. Inside a cellular environment, vesicles are made of many different lipids
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as well as proteins; however, the molecular content of vesicles made in the lab

can be controlled exactly. By hydrating purified lipids and either extruding

or sonicating the lipid solution, vesicles can be made with a bilayer shell of a

desired molecular makeup as well as specific internal contents [27, 25, 24].

For these characterization experiments, vesicles were made out of a

single type of lipid: 1,2-dioleoyl-sn-glycero-3-phospho-choline (DOPC). DOPC

is an amphiphilic molecule that is like lipids found in the membrane of certain

cells, making it an ideal model membrane [43]. It has a polar, phosphate-based

head group and two, nonpolar, carbon chains. In water, DOPC molecules

spontaneously form vesicles as described. DOPC was purchased (Avanti Polar

Lipids) dissolved in chloroform. The chloroform was evaporated from the lipids

with nitrogen gas until the lipids had dried to the inside of a glass vial. The

dried lipids were then hydrated with DI water overnight. A tip sonicator was

used to break the hydrated lipid solution into vesicles approximately 40 nm in

diameter [86].

Figure 4.15a shows a spectrum from 4-8 of these DOPC vesicles col-

lected in the optical trap at the same time and manipulated into the Raman

detection volume. The only clearly identifiable DOPC peak is at 1444 cm−1.

The spectrum of the detection volume without the trapped vesicles is shown

in Figure 4.15b. The large background is a consequence of scattering from the

solution, the lipids and the coverslip. Even with an integration time of 60 s

per spectrum, the noise level is still high enough that small Raman features

cannot be resolved.
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Figure 4.15: Raman spectra of several 40 nm DOPC lipid vesicles trapped
by the 1064 nm laser and moved a) into, and b) out of the detection volume.
From brightfield images, there appear to be 4-8 vesicles trapped together at
the same time. The integration time for each spectrum was 60 s with a 100
µm slit opening. The scattering from the solution and the coverslip provides a
large, broadband background above which the Raman peaks are only slightly
visible in a).
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Figure 4.16: Mechanical modulation Raman spectra of varying numbers of
cycles for DOPC lipid vesicles. Spectra are offset for clarity. The bottom
(blue) spectrum was 10 cycles with an individual spectral integration time of
10 s. Raman peaks are not visible above noise, although the large background
has been removed. The middle (purple) spectrum was 50 cycles with each raw
spectrum integrated for 10 s. With the increase in number of cycles, the SNR
is sufficient so that DOPC is identifiable from Raman peaks. The top (red)
spectrum is a complete Raman fingerprint for DOPC, including the peak at
1650 cm−1, due to C=C stretching of the unsaturated fatty acid chain, that
distinguishes this molecule from similar saturated phosphocholines like DMPC
and DLPC [14]. In order to obtain this spectrum, the number of cycles was
increased to 100, and the integration time for each individual spectrum was
60 s.
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After applying the mechanical modulation technique to the lipid vesi-

cles, however, the Raman scattering peaks associated with the DOPC molecule

are identifiable. Figure 4.16 shows mechanical modulation spectra for varying

integration times and number of cycles. For only 10 cycles, with an indi-

vidual spectral integration time of 10 s, the SNR is too low for the Raman

peaks to be quantified (bottom, blue trace). However, when the number of

cycles is increased to 50, the SNR is improved so that Raman peaks associated

with DOPC are visible. In the middle (purple) trace, the peaks at 1100 cm−1

(C-C stretching), 1300 cm−1 (CH2 twisting), and 1444 cm−1 (CH2 bending),

clearly indicate the molecules of interest as phospholipids [26]. The complete

Raman fingerprint for the DOPC vesicle is shown in the top (red) spectrum,

and can be compared to the DOPC spectrum in Figure 2.5 taken from bulk

lipids during initial measurements in the Campion user facility. The intensity

of additional peaks can be measured above noise: 700 cm−1 associated with

C-N stretching, 1650 cm−1 associated with C=C stretching, and the region of

2800 - 3000 cm−1 associated with C-H stretching [14, 26]. Because both the

middle and top traces are plotted on the same scale, the peaks in the middle

trace with a shorter total integration time are made to look less significant

above noise than is the case when the spectrum is plotted separately, where it

is clear that the vesicle can be identified from its Raman peaks.
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Chapter 5

Characterization of Fission Yeast Cells

The Mechanical Modulation Raman Microscope has been shown to

effectively remove the background and improve the signal-to-noise ratio in

Raman spectra for polystyrene beads as well as model biological structures,

lipid vesicles. In this chapter, the mechanical modulation technique is applied

to fission yeast cells. Fission yeast is an ideal biological system for laboratory

experiments, since the cell itself is relatively simple, structurely, and it can be

easily grown and mutated [55]. Because of these characteristics, there is an

extensive body of literature regarding fission yeast, including Raman studies.

Furthermore, fission yeast have been the subject of lengthy investiga-

tion in our own research group. Major structural change has been observed in

yeast when the yeast is grown in starvation conditions. These experiments are

described in Section 5.1 and in [36]. Measurements of exponentially growing

and starved cells show that the diffusion of intra-cellular lipid droplets is sub-

stantially reduced when the cells are starved; the cells appear to be ‘frozen’.

The starved yeast recover, however, when placed in a glucose-rich environ-

ment. Comparing the molecular makeup of the exponentially growing and

starved yeast phenotypes would provide useful information as to the nature of
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the transition.

Mechanical modulation experiments with fission yeast cells have been

done, and Raman spectra have been collected for both exponentially growing

and starved yeast. Fission yeast cells in solution were modulated in and out of

the Raman detection volume, and the resulting difference spectra were aver-

aged to obtain a characteristic spectrum for the entire cell. In order to resolve

spatial differences in the molecular content within a cell, yeast attached to

the surface of the coverslip were moved in and out of the detection volume

by modulating the position of the stage. The yeast were additionally raster-

scanned through the detection volume, with mechanical modulation performed

at each scan position. In this way, mechanical modulation Raman scan maps

were created for entire yeast cells in both one and two dimensions. Differences

between exponentially growing and starved yeast are discussed.

5.1 Background

In this section, the nature of fission yeast as a model system is discussed,

as well as experiments our research group has performed on this type of cell.

An overview of current studies of fission yeast using Raman microscopy is also

presented.

5.1.1 Yeast as a model system

Schizosaccharomyces pombe, or more commonly, fission yeast, is an

ideal model system for many types of biologically-based research [56]. It is a
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fungus, related to Saccharomyces cerevisiae, which is often called baker’s yeast

or budding yeast for its means of reproduction. Fission yeast was first isolated

in the late 19th century from East African millet beer, and its name, ”pombe”,

is derived from the Swahili word for beer [21]. S. pombe is a unicellular eu-

karyote and is rod-shaped, with an average diameter of 3 - 4 microns and an

average length of 7 - 14 microns. The cells reproduce by medial division, in

contrast to S. cerevisiae, with a doubling time of 2 - 4 hours. The cultura-

tion process is fairly simple and well established [36, 55]. In the 1950s, two

scientists began independently studing different aspects of the fission yeast:

in Scotland, Murdoch Mitchison investigated the mechanics of the yeast cell

cycle [45], and in Germany, Urs Leupold worked on discovering its genetics

[41]. The complementary research was merged in the 1970s by Paul Nurse,

who worked for a time in the laboratories of both Mitchison and Leupold. For

his ”discoveries of key regulators of the cell cycle” [54] in S. pombe, Nurse

was awarded the Nobel Prize in Physiology or Medicine in 2001. In 2002, the

S. pombe genome was sequenced by a large collaboration led by Nurse [82],

opening up even more opportunities for research [85]. Currently, fission yeast

is used extensively as a model system, and many online resources are available

to the broader scientific community including the NIH S. Pombe Initiative [56]

and the PombeNet website [29], which is maintained by the Susan Forsburg

lab at the University of Southern California.

As much as yeast have been studied extensively by other groups, our

own research group has also been investigating fission yeast. Specifically, stud-
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ies in our group pertain to yeast that have been starved. Ibeneche has con-

ducted her dissertation research primarily on the structural differences between

exponentially growing and starved yeast [36]. She has measured the diffusion

of lipid granules inside starved cell to be substantially reduced in comparison

to yeast that are exponentially growing. This cytoplasmic change in starved

yeast makes the cell appear to be ’frozen’. The cell is able to recuperate and

resume the cell cycle of growth and divison when it is placed in glucose-rich

media. This behavior suggests a hibernation phase, where the cell goes into a

low energy state by ‘freezing’ the positions of its organelles, preventing growth

or divison. This ‘freezing’ and the related mechanism has not been previously

published.

Further studies have been done to illuminate the nature of the frozen

phenotype. Reduced diffusion has implications for a change in the structure or

density of the cytoskeleton. Different filaments were tagged with fluorescent

labels, and cells were imaged in health and various levels of starvation. These

experiments revealed that after multiple days in starvation media, the yeast

cells contained a much higher percentage of septin [36]. The increase in septin

may indicate that a new filamentous network is formed during starvation that

is responsible for the reduction in the diffusion of the lipid granules.

5.1.2 Raman studies on yeast

There have been many studies done on fission yeast using Raman mi-

croscopy over the last decade. In 2002, C. Xie et. al, using optical tweezers
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coupled with a Raman microscope, collected spectra of trapped cells in ex-

ponential growth and dead yeast cells. They were able to distinguish four

Raman bands for the exponentially growing yeast, while finding no bands

at all in the spectrum of the dead cells [83]. In a follow up to this work

in 2003 [84], the same group employed shifted excitation Raman difference

spectroscopy (SERDS) along with background subtraction and long integra-

tion times to trapped exponentially growing yeast; with this more sensitive

technique, they consequently found additional yeast peaks and reassigned the

wavenumbers from their previous work. The Hamaguchi group at the Uni-

versity of Tokyo published in the same year a Raman study of fission yeast

mitosis for cells attached to the surface of the coverslip, thus, without trap-

ping [32]. They measured spectral differences from the same position in the cell

while it underwent the doubling process. Differences were observed between

spectra taken of the nucleus and of the primary and mature septa. The later

spectra (primary/mature septum) were compared to spectra of phosphatidyl-

choline (found in membranes) and glucan (found in the septum), and found to

be qualitatively similar. Another mitosis study was performed by the Petrov

group on budding yeast [75]. Finally, in order to provide an image of the

spatial distribution of molecules inside a cell, Raman mapping of fission and

budding yeast was done by Huang, et al. [34], Rosch et al. [69], and Naito, et

al. [50]. The yeast is translated by a certain step size through the laser spot,

and a spectrum is taken at each point. The intensity of one wavenumber is

plotted on a color scale for each x-y point that was scanned through the laser
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spot.

Overall, there is consistency in the literature in the assignment of Ra-

man wavenumber to specific molecular species for the fission yeast cell. Small

discrepancies in exact wavenumber assignment are found in comparing pub-

lished work, however. Some of these differences can be accounted for from

different levels of hydration or conformational differences in proteins that shift

the wavenumber [10]. The slight differences may also be do in part to calibra-

tion differences between instruments and high levels of noise and background,

which make it difficult to precisely locate the center of the peak. Addition-

ally, as a consequence of damping from the aqueous environment of biological

specimens, there is significant broadening of the Raman peaks. Thus, peaks

associated with vibrational transitions from different molecules that are close

in wavenumber may be indistinguishable from each other [33]. Interestingly, it

is not conventional in spectroscopy to provide an uncertainty for wavenumber

assignments even for such samples. With these discrepancies taken into con-

sideration, a summary of currently accepted wavenumber assignments is shown

in Table 5.1, with corresponding references. Slight differences in wavenumber

assignment are evident in our data in Sections 5.2 and 5.3; however, qualitative

comparison of our data to known yeast spectra was done prior to wavenumber

assignment to ensure that the correct molecular species was indicated.

A specific peak that is potentially relevant to the study of starved yeast

is 1602 cm−1. In several consecutive studies, Huang et al. [34, 33, 35] deem this

previously unassigned peak, the ‘Raman spectroscopic signature of life’, which
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Wavenumber Assignment
(cm−1)

890 CO stretch of glycosidic linkage (cell wall) [33]
1004 Ring breathing mode of phenylaline (proteins) [33, 81, 84]
1086 C-C stretch (lipids) [33]
1270 Amide III (proteins) [10, 78, 84]
1309 CH2 twisting mode (lipids) [32] and amide III (proteins) [10]
1444 CH2 scissors and CH3 bending (lipids, proteins) [10, 78]
1602 Related to mitochondrial activity [34, 33, 62]

1654-1658 Amide I (proteins) [32, 78] and C=C stretch (lipids) [33, 69]
1735 C=O stretch of ester linkage [10, 69, 81]

2849-2988 CH stretch (lipids, thickness) [69]

Table 5.1: Wavenumber assignments for fission yeast.

they claim is related to the activity of mitochondria in the cell. They base

this attribution on the correlation between Raman and fluorescence images of

mitochondria and the reduction of the peak with the addition of KCN, which

suppresses metabolic activity. The peak is additionally seen in Raman spectra

of budding yeast [20, 50, 57]. Pully and Otto showed that the 1602 cm−1 peak

was related to mitochondria for a variety of human cells as well [62].

5.2 Spatial resolution of yeast cells

Some of the internal structures of yeast cells can be observed using

brightfield or fluorescence imaging. However, brightfield imaging is limited to

visualization, and the molecular makeup of a cell cannot be measured directly

in this way. Fluorescence imaging is limited to only the molecules that have

been labeled with fluorophores and has the additional issue of photo-bleaching.

Raman spectroscopy has the potential to provide complete and accurate infor-
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mation as to the molecular contents of a highly localized region of a cell. From

this localized molecular information, i.e. a spectrum taken from a limited Ra-

man detection volume, even very small cellular structures can be identified. It

is particularly interesting to obtain these Raman spectra for different states of

the life cycle of the cell.

In this section, data are presented from mechanical modulation exper-

iments for yeast cells both in solution and fixed to the coverslip. These sets

of data provide complimentary information: for yeast modulated in solution,

a characteristic spectrum is obtained that is representative of the entire cell,

while for yeast fixed to the coverslip, spectra are collected that are associated

with specific positions of the Raman detection volume inside the yeast cell.

5.2.1 Mechanical modulation Raman spectra of yeast in solution

Exponentially growing yeast suspended in growth media were trapped

individually by the 1064 nm laser and modulated in and out of the Raman

detection volume. On visual inspection, yeast did not appear to change shape

or size, except those that were in the sample long enough to divide. Thus, it

was concluded that minimal damage was done to the yeast by the trapping or

Raman lasers, which is expected from the literature [64, 74]. Figure 5.1 shows

spectra taken with a single yeast cell in and out of the detection volume. A

long integration time, 5 s, was used to collect the spectra; the signal is visible

above the noise and background in Figure 5.1a for a few peaks specific to yeast:

1444 cm−1, 1658 cm−1, and 2908 cm−1 (See Table 5.1 for assignments). The
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Figure 5.1: Raman spectra of a trapped yeast cell in solution a) in and b) out
of the Raman detection volume. The integration time for each spectrum was
5 s, the slit opening was 100 µm, and the region of interest was rows 45-49 on
the CCD.
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Figure 5.2: Mechanical modulation Raman spectra of a trapped yeast cell
in solution for varying numbers of cycles: from the bottom to the top, 10
(purple), 100 (green), 200 (blue), and 1000 cycles (red). Spectra are offset for
the purpose of visualization. The integration time for a single cycle was 10 s,
the slit opening was 100 µm, and the region of interest was rows 45-49 on the
CCD.

large background and noise level make it difficult to identify other peaks.

In order to obtain a more complete characteristic spectrum for the

yeast cell, mechanical modulation was employed. Figure 5.2 shows mechanical

modulation spectra for varying numbers of cycles for a single yeast in solution.

The spectra for higher numbers of cycles reveal more peaks associated with the

yeast cell: 1086 cm−1, 1270 cm−1, 1309 cm−1, 1602 cm−1, 1735 cm−1. Spectral

differences for varying number of cycles could be due to changes in the yeast
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Figure 5.3: Brightfield image of yeast in solution, both trapped and not
trapped. Yeast suspended in solution or on the coverslip surface appear to
lie in the x-y plane of the image. Yeast in (or near) the trap, however, are
aligned in the same direction as the beam axis, orthogonal to the imaging
plane. Only the ends of the yeast are visible, and so it is unclear from what
part of the yeast the Raman scattering is coming.

over the period of time of data collection.

While these spectra contain identifiable scattering peaks, however, from

brightfield images, such as Figure 5.3, it is not clear from which part of the cell

the Raman scattering is emitted. In Figure 5.3, both trapped cells and non-

trapped cells are shown. Yeast on the surface of the coverslip are orthogonal

to the beam direction in the sample. When the yeast is in the optical trap,

its long-axis is aligned with the long-axis (z-axis in the sample) of the optical

trap, and only the end of the yeast is visible in the brightfield image. It is

not possible to discern with certainty which part of the yeast is in the Raman

detection volume. To obtain spatial information, a different strategy is needed.
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5.2.2 Mechanical modulation Raman spectra of yeast on a surface

Gaining spatial information from Raman spectra is possible by fixing

an object to the surface of the coverslip and scanning the object through the

Raman excitation volume using the stage. In this way, the spatial resolution is

limited either by step size of the stage or, if the step size is small enough, the

size of the Raman excitation volume. Spectra are recorded for each position of

the object relative to the excitation volume. Scan maps of polystyrene beads,

shown in Section 4.1, were made using this technique.

For samples, such as yeast, which have high background and noise levels

in their corresponding Raman spectra, mechanical modulation of the sample in

and out of the detection volume is combined with scanning across the sample.

In this way, spatial resolution of the yeast and peak identification in the spectra

are achieved simultaneously.

5.2.2.1 1D mechanical modulation scan

Figure 5.4 shows a diagram of the mechanical modulation scan process

in one-dimension. The yeast cell is fixed to the coverslip as described in Ap-

pendix C, and the cell is translated in the y-direction (indicated by the green

arrow). At each step, the cell is moved in and out of the Raman detection

volume (indicated by the blue arrow). The entire cell is moved some microns

away from the Raman excitation volume during the modulation to ensure the

background spectrum does not include molecules specific to the yeast. Addi-

tional studies may be done in future work where the modulation occurs within
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Figure 5.4: Diagram of the mechanical modulation scan process in one dimen-
sion for a yeast cell on the coverslip. The yeast is manipulated by the stage in
and out of the Raman detection volume in the x-direction for a certain number
of cycles. Then the yeast is translated in the y-direction by a certain step size,
and the lateral modulation is repeated. In this way, a Raman line profile of
the yeast cell is generated.

the cell in order to resolve highly localized molecular differences.

One-dimensional, mechanical modulation Raman profiles have been col-

lected for many cells, and this process accurately identifies the cells with re-

spect to the surrounding environment with a high degree of repeatability. Fig-

ure 5.5a shows a yeast cell that recently divided, and an arrow indicating the

direction of the overall vertical translation, while the modulation of the yeast

at each step was in the horizontal direction. In Figure 5.5b, a mechanical mod-

ulation spectrum associated with one of the translation points along the yeast

is shown. The integration time for a single cycle was 4 s, and the mechanical

modulation spectrum reflects 10 completed cycles.

The entire one-dimensional mechanical modulation Raman profile for

the yeast is shown in Figure 5.5c. The vertical axis is relative position, in
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Figure 5.5: One-dimensional mechanical modulation Raman scan showing spa-
tial differences in the molecular makeup of the sample area. a) Brightfield
image of a yeast cell that has recently divided and is attached to the surface of
the coverslip. The arrow indicates the direction of the scan. b) A mechanical
modulation Raman spectrum from one position in the yeast cell with 10 cy-
cles, with an integration time for each cycle of 4 s. c) Line profile for the yeast
shown in a). Identifying wavenumbers are indicated with Roman numerals: I
- 1086 cm−1, II - 1309 cm−1, III - 1444 cm−1, IV - 1658 cm−1, V - 2908 cm−1.
The lefthand axis is the position of the yeast. The step size of translation was
500 nm. The anomalous peaks near 2500 cm−1 are not included in this figure
for visualization purposes.
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Figure 5.6: a) Brightfield image of a yeast cell attached to the surface of the
coverslip. b) Mechanical modulation spectrum from a position inside the same
cell, with an integration time of 2 s per cycle and 5 total cycles.

discrete intervals of 500 nm, and the horizontal axis corresponds to wavenum-

ber, the same as the horizontal axis in Figure 5.5b. Intensity is indicated by

the color scale. The Raman spectra for the solution surrounding the cells and

the cells themselves are clearly distinguished by the lack of characteristic yeast

peaks above and below the cells on the vertical axis. With each interval on the

y-axis representing 500 nm, the length of the cells in the Raman image is the

same as in the brightfield image. The line profile shows characteristic peaks

at 1086 cm−1 (proteins), 1309 cm−1 (proteins and lipids), 1444 cm−1 (lipids),

1658 cm−1 (proteins and lipids), and 2908 cm−1 (lipids). The connection be-

tween the recently divided cells can also be seen at position 16 - 17 µm where

overall the peaks are less intense.
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5.2.2.2 2D mechanical modulation scan

While a one-dimensional profile provides a relatively quick way to locate

a cell, it does not give a complete molecular picture of the cell. Figure 5.6b

shows a representative mechanical modulation spectrum from a position in

a yeast that is attached to the coverslip, similar to that in Figure 5.5b. A

brightfield image of the yeast is shown in Figure 5.6a. For this yeast, a me-

chanical modulation Raman map was made in two dimensions by scanning

the cell through the Raman excitation volume via incremental stage move-

ments. The step size of the scan was 500 nm. At each point in the scan, the

mechanical modulation process was performed, meaning the cell was moved

into the excitation volume, a spectrum was taken, and then the entire cell was

moved a distance away from the excitation volume, and another spectrum was

taken. At each translation point, 5 mechanical modulation cycles were com-

pleted, with an integration time of 2 s for each cycle. The intensity of specific

wavenumbers is plotted in Figure 5.7 as indicated for each image. Due to the

inherent differences between characteristic peak heights, each plot has its own

color scale for intensity. From these mechanical modulation Raman images,

the distribution of different molecules inside the living cell is elucidated.

Specifically, wavenumbers 1309 cm−1, 1444 cm−1, and 1658 cm−1 cor-

respond to vibrational changes in the both the protein and lipid fraction of the

cell, as discussed in Section 5.1. From the Raman maps of these wavenumbers,

the distribution of proteins and lipids appears to be spread over the entire cell,

which is also seen in non-modulation Raman maps [34, 33]. There are subtle
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Figure 5.7: Two-dimensional mechanical modulation Raman scan maps show-
ing spatial differences in the molecular makeup of the sample area. The inten-
sity of specific wavenumbers is plotted on a color scale versus position on the
x and y axes. Each box on the map is equivalent to 500 nm.
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Figure 5.8: Two-dimensional mechanical modulation Raman scan maps plot-
ting the intensity of the anomalous peaks, 1356 cm−1 and 2574 cm−1. These
peaks are associated with differences in the index of refraction of the sample
area, and thus the cell wall appears at an even intensity level above back-
ground, while the contents of the cell are marked with much higher intensity.

differences between all three wavenumber maps, however, as can be seen, for

instance, by comparing the maps of 1444 cm−1 and 1658 cm−1. Differences

arise due to the relative percent contribution of vibrational scattering of pro-

teins versus lipids for these peaks. The wavenumbers 1004 cm−1 and 1086

cm−1 are respectively characteristic to proteins and lipids alone, and their dis-

tributions look similar to the others. The Raman peak at 1602 cm−1 is of an

unknown molecular species related to mitochondrial activity; its distribution

is spread out over the cell as shown in [34, 33]. The map of 2908 cm−1 has the

highest intensity in the center of the cell, which is a marker for CH stretching,

and potentially indicates the thickness of the yeast [69].

The mechanical modulation Raman intensity maps shown in Figure 5.8

are for wavenumbers of the anomalous peaks described in Section 4.1 and

Appendix B. Although the maps of these unassigned wavenumbers do not

provide a distribution of specific molecules, they are useful in that they indicate
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a change in index of refraction, and thus a change in the density of the cell.

From the maps of wavenumbers 1356 cm−1 and 2574 cm−1, the cell wall, along

with either the nucleus or a growing septum in the center of the cell, is clearly

marked by a uniform level of intensity above background. From the color

contrast, the contents of the cell are at a much higher intensity than the cell

wall.

5.2.2.3 Cell wall isolation

Although the cell wall may be identified via the anomalous peak inten-

sity, it is desirable to identify structures based on Raman peaks associated with

specific molecular vibrations. The cell wall of fission yeast is made mostly of

chitin, glucan, and mannan [76]. Several peaks associated with these molecules

may overlap with peaks from other molecules in the cell, preventing cell wall

identification in the 2D mechanical modulation maps of the entire cell shown

in Figure 5.7 [33]. In order to isolate the signal from the yeast cell wall, ghost

yeast cells were prepared according to the procedure detailed in Appendix C.

Cells were sonicated to break open the cell wall, releasing the internal contents,

such as lipid granules and the nucleus, into the surrounding solution. These

commonly called ‘ghost cells’ are really large segments of cell wall. Figure 5.9a

is a brightfield image of one such ghost cell and a neighboring yeast cell that

has remained intact and is in the process of dividing. From the image, it ap-

pears the ghost cell wall has suffered some damage as a result of the sonication;

however, a sizeable fraction of the wall is intact, and large internal structures
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Figure 5.9: a) Brightfield image of an intact yeast (left) and a ghost yeast
(right). The ghost is missing segments of cell wall on what were the ends of
the cell, and the contents of the cell have diffused away. b) Closeup of the
ghost with a line indicating the location of the mechanical modulation Raman
line profile shown in c). The vertical axis of the line profile is position in
increments of 100 nm, the horizontal axis is wavenumbers, and the color scale
is intensity. d) A representative spectrum from c). Identifying wavenumbers
are indicated with Roman numerals: I - 496 cm−1, II - 836 cm−1, III - 1074
cm−1, IV - 1375 cm−1, V - 1467 cm−1, VI - 2908 cm−1.
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Figure 5.10: Comparison of mechanical modulation spectrum from ghost cell
and inside a regular cell. Spectra are offset for clarity. Raman peaks associated
with lipids and proteinsat 1309 cm−1, 1444 cm−1, and 1658 cm−1 are absent.
New Raman bands are visible, however, as indicated by Roman numerals: I -
496 cm−1, II - 836 cm−1, III - 1074 cm−1, IV - 1375 cm−1, V - 1467 cm−1. The
band at VI - 2908 cm−1, is in both spectra, as expected, indicating the C-H
stretching vibration and thickness [69].

have diffused away. A one-dimensional, mechanical modulation Raman scan

was recorded for the segment of the ghost cell wall indicated in Figure 5.9b.

Figure 5.9c is the line profile; the vertical axis is position steps of 100 nm, the

horizontal axis is wavenumbers, and the color scale is intensity. The spectrum

of one position in the cell wall is shown in Figure 5.9d.

From the profile, it is clear that the Raman spectra for the part of the

ghost cell is not the same as the previously shown for a cell (Figure 5.5). Large

Raman peaks associated with the inner contents of the cell are missing, such

as 1309 cm−1, 1444 cm−1, and 1658 cm−1, which are from lipids and proteins.
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Figure 5.11: Comparison of the sum over the line profile of six spectra from the
ghost cell and from bulk glucan collected by Huang et al. [32]. The spectrum
of the ghost cell is plotted with the reverse x-axis as has been used so far in
this dissertation for easier comparison to the glucan spectrum.

Instead, several new Raman bands are visible as indicated by Roman numerals:

I - 496 cm−1, II - 836 cm−1, III - 1074 cm−1, IV - 1375 cm−1, V - 1467 cm−1.

The band at VI - 2908 cm−1, is the same as other cell spectra, indicating the C-

H stretching vibration and thickness [69]. A comparison of the ghost spectrum

with one taken from inside a regular yeast cell is shown in Figure 5.10. When

this line profile is compared to published spectra of chitin, glucan and mannan,

the main components of the cell wall, it is clear that the peaks in Figure 5.9c

are mostly from glucan [32, 28] as shown in Figure 5.11. This result is similar

to other studies that attempt to obtain a Raman signature from the cell wall

[33, 76, 77].
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5.3 Raman identification of starved yeast

As described in Section 5.1, yeast in a state of starvation have been

studied by our research group. Particle tracking has been done on lipid gran-

ules in both exponentially growing and starved yeast, and different motility

constants have been measured, with starved yeast having a much lower dif-

fusion constant and appearing to be frozen in a hibernation state [36]. Flu-

orescence imaging of exponentially growing and starved yeast reveal that in

starved yeast the septin molecule, which is normally involved in the formation

of the septum during mitosis, appears to be homogenous inside the cell. This

organization suggests the formation of a network of septum during starvation,

possibly as a means to ’freeze’ the cell in a low energy state for hiberna-

tion. Characterizing the molecular makeup of the starved cell with Raman

microscopy would provide counterpart information to the particle tracking

and fluorescence measurements.

Mechanical modulation Raman spectra were obtained for yeast that

had been grown in starvation media for five days (see procedure in Appendix

C). The starved yeast spectrum is plotted with an exponentially growing yeast

spectrum in Figure 5.12. Two-dimensional Raman scan maps were made for

starved yeast. The starved yeast appear smaller than exponentially growing

yeast (Figure 5.12a and b) and do not divide. Wavenumbers specific to the

yeast, as previously described, were mapped. The resulting maps are compared

to exponentially growing yeast in Figure 5.13 and Figure 5.14. In the maps

of 1444 cm−1 (lipids and proteins)and 2908 cm−1 (thickness), there are areas
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Figure 5.12: Comparison of exponentially growing and starved yeast. Bright-
field images of a) exponential growth and b) 5 day starved yeast. The starved
yeast is smaller with darker spots indicating lipid granules, while the expo-
nentially growing yeast is elongated, indicating that it is about to divide. c)
Two-dimensional mechanical modulation Raman spectra for the exponentially
growing (red) and 5 day starved yeast (blue). Spectra are offset for clarity.

107



Figure 5.13: Raman maps for exponentially growing and starved yeast cells.
The intensity is plotted on a color scale for the wavenumbers indicated for
each map. The horizontal and vertical axes are relative position. The step
size for yeast in exponential growth was 500 nm and for starved yeast was 200
nm.

108



Figure 5.14: Additional Raman maps for cells in exponential growth and
starved yeast cells. The intensity is plotted on a color scale for the wavenum-
bers indicated for each map. The horizontal and vertical axes are relative
position. The step size for exponential growing yeast was 500 nm and for
starved yeast was 200 nm.
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of higher intensity that correspond to lipid granules in the brightfield image

of the starved yeast. It has been observed that lipid granules increase in size

in starved yeast, as a means of the cell to store lipids, which is why they are

more promenient in the Raman maps for the starved yeast.

For other wavenumbers, it is difficult to discern qualitatively the differ-

ences between the exponentially growing and starved yeast maps or mechanical

modulation spectra. This result may be expected, however, because while the

hiberation state phenotype shows reduced diffusion, there is no experimental

evidence that organelles other than the lipid granules lose structural integrity

or otherwise undergo major changes besides maintaining their spatial location

within the cell. Additionally, the filamentous septin network that is formed is

visible by fluorescence microscopy [36]; from fluorescence images, it appears

that the septin filaments are less bright under the same imaging conditions

compared to microtubule filaments imaged in the same cells. This difference

implies that septin filaments are either significantly smaller or less densely

packed with monomers than microtubules. Detection of microtubules in yeast

in vivo is currently not possible with our setup and does not appear in the

literature, except for Raman measurements of purified tubulin [8]. Therefore,

it is unlikely that the measurements presented here are sensitive enough to

detect peaks associated with septin.

Finally, the metabolic rate of the yeast is diminished when it is in star-

vation, and a reduced metabolic state implies that the ’Raman spectroscopic

signature of life’, the peak at 1602 cm−1, may be less intense. The intensity
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of this peak in the starved yeast may be lower overall than for the exponen-

tially growing yeast, but interpretation of the scan map in this case is difficult.

Studies have shown that this peak is most sensitive to oxygen levels during

culturation, rather than nutrient levels [13, 35]. For the yeast in these data,

the aerobic conditions were the same as for the exponentially growing yeast.

Another explanation for the lack of change in this peak may stem from the

nature of the starvation state itself. Experiments performed after this data

were taken indicate that although the cell starved for 5 days looks visibly dif-

ferent from a cell in exponential growth, the diffusion of lipid granules do not

indicate full hibernation until as late as day 8 of starvation. Therefore at this

starvation stage, the level of activity of the mitochondria is not determined.

Future work would investigate the latter days of starvation to look for more

dramatic changes in the 1602 cm−1 peak, as well as other structural differences.
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Chapter 6

Conclusions

Knowledge of the chemical content of cellular structures as well as the

spatial distribution of certain molecules in the cell is desirable for many bio-

physical experiments. However, complete molecular information for a cell in

vivo cannot be obtained by brightfield, fluorescence or other imaging tech-

niques. Raman microscopy, however, provides a means to directly measure

the molecular makeup of localized regions of a cell without damaging the cell

or introducing perturbative fluorophores. Since the biological environment

of cellular structures is complex and fluctuating, there is a problem of high

background and noise levels in spectra of this kind.

We designed and built a unique Raman microscope that allows us to re-

move the background and greatly improve the signal-to-noise ratio in recorded

spectra from subcellular structures in vivo. The Mechanical Modulation Ra-

man Microscope (MMRM) includes optical tweezers with piezo-scanning con-

trol as well as confocal Raman spectroscopic detection. With this setup, par-

ticles in solution were modulated via the optical tweezers in and out of the

Raman excitation volume while spectra are collected. For particles attached

to the surface of the coverslip, modulation was accomplished with a three-axis
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nano-positioning stage. The difference of the spectra with and without the

particle was taken, and the spectral background was reduced by several orders

of magnitude. When this process was repeated and the difference spectra av-

eraged over the number of cycles, the signal-to-noise ratio was substantially

improved by a factor equal to the square root of the number of cycles. Mechan-

ical modulation was demonstrated with diffraction-limited spatial resolution

on polystrene particles as small as 200 nm as well as on lipid vesicles.

Fission yeast is a model system for biological experiments, including

experiments in our own research group on healthy and starved yeast states.

The mechanical modulation technique was applied to yeast in solution, and it

produced background reduced, high signal-to-noise spectra. From the spectral

peaks, molecular species native to yeast were identified. Further mechanical

modulation experiments were performed on yeast attached to the coverslip,

and two-dimensional Raman maps of the yeast were created. From the position

distribution of the intensity of individual wavenumbers, spatial information for

proteins and lipids was obtained. Additionally, the cell wall of the fission yeast

was isolated by breaking the cell up using sonication. Mechanical modulation

Raman spectra of the yeast ’ghosts’ revealed a spectrum lacking the peaks

for protein and lipids, but instead containing peaks associated with glucan, a

known component of the cell wall. Finally, the molecular makeup of starved

yeast cells was compared to that of healthy cells, and spectral differences

were observed in both the lipid fraction and the peak related to mitochondrial

activity. Future work would look at cells in various degrees of starvation in
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order to fully characterize this state of the cell.
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Appendix A

Database of Spectra

This appendix contains Raman spectra of typical sample materials used

in experiments. It also contains spectra of other materials commonly found in

the lab, as well as light and calibration sources, and can be used as a benchmark

for comparison to either published data or future experiments. The following

is a list of the spectra and corresponding references:

• Immersion oil, Figure A.1

• Vacuum grease, Figure A.2

• Nail polish, Figure A.3

• Ethanol, Figure A.4 [42]

• Acetone, Figure A.4 [22]

• Neon, Figure A.5 [52]

• Xeon, Figure A.6 [52]

• Fluorescent light bulb, Figure A.7
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Figure A.1: Raman spectrum of immersion oil (Zeiss). The integration time
was 500 ms, the slit opening was 100 µm, and the region of interest was rows
47-53.

Figure A.2: Raman spectrum of vacuum grease. The integration time was 500
ms, the slit opening was 100 µm, and the region of interest was rows 47-53.
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Figure A.3: Raman spectrum of nail polish (clear, Sally Hansen). The integra-
tion time was 500 ms, the slit opening was 100 µm, and the region of interest
was rows 47-53.

Figure A.4: Raman spectra for 100% acetone (red), 100% ethanol (blue), and
50% acetone and ethanol mixture (purple). The 50% mixture has peaks from
both acetone and ethanol. For comparison, the green spectrum is the sum of
the red and blue spectra, and so the average peak intensity is twice that of
the 50% mixture. The integration time for each spectrum was 1 s.

118



Figure A.5: Emission spectrum of neon lamp (Newport) used for calibration.
The integration time was 1 s, the slit opening was 100 µm. The x-axis is in
wavelengths for easy comparison to the NIST database of emission lines [52].

Figure A.6: Emission spectrum of xeon lamp (Newport) used for calibration.
The integration time was 1 s, the slit opening was 100 µm. The x-axis is in
wavelengths for easy comparison to the NIST database of emission lines [52].
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Figure A.7: Emission spectrum of fluorescent lights in the experiment lab
room. The integration time was 100 ms, the slit opening was 25 µm.
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Appendix B

Anomalous Peak Experiments

This appendix shows data related to the anomalous peaks that arise in

some spectra, as discussed in Chapter 4.

Experiments to determine the nature of the anomalous peaks were per-

formed. Reference spectra were first taken of all possible materials that are

used in sample preparation as well as all light sources in the lab room, in case

the peak was coming from a known source. Spectra for these materials are

shown in Appendix A. The anomalous peak is only present in the spectrum

of vacuum grease; however, other experiments done with a sample chamber

sealed with nail polish contain this peak, despite it being absent from the

spectrum of bulk nail polish.

Spectra were then collected with a clean objective lens and without any

sample at all. A drop of immersion oil was placed on top of the objective and

the spectra monitored in real-time. The spectra went from flat to the charac-

teristic shape of immersion oil. However, after a few seconds, the anomalous

peak at 2535 cm−1 began to grow in intensity. After a few additional sec-

onds the immersion oil peaks diminished in height and the anomalous peak

grew even larger. Finally, the immersion oil peaks disappeared altogether, the
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anomalous peak also diminished but could be detected above background for

some amount of time. Thus, as the immersion oil spreads out on top of the ob-

jective lens, at a certain point the meniscus of the oil passes through the focal

volume. The experiment was repeated, but instead of directing the scattered

light into the spectrometer, it was directed into the external camera used for

brightfield imaging. The pattern on these images was correlated to the height

of the anomalous peak: when the scattering appears to be coming from the

center of the focal volume, the peak is the highest. From these experiment the

nature of the anomalous peak was revealed: it is not characteristic to specific

molecular vibrations in a material but is in fact related to light scattering off

an interface between mediums of differing indices of refraction.

Additional systematic experiments were performed with immersion oil,

a sample chamber and only a bottom coverslip. The height of the coverslip

was varied in order to control the position of the interface of glass and air

relative to the focal volume. Results were the same as for the experiment

described above with the drop of oil. Figure B.1 shows spectra taken with

increasing the distance of the coverslip from the objective lens, meaning the

coverslip is moved relative to the focal volume. Figure B.2 shows a selection

of those spectra and the corresponding scattering images for the z position of

the coverslip. Diagrams indicate the z-position of the coverslip with respect to

the focal volume. The intensity of the anomalous peak is strongest when the

scattering image of the focal volume appears in focus on the external CCD.

Finally, experiments on yeast (Chapter 5.2) reveal that light associated
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Figure B.1: Spectra of scattered light for different z-positions of the cover-
slip showing the height of the anomalous peak at 2535 cm−1. Spectra are
offset both horizontally and vertically for clarity. There was no sample, just
immersion oil on top of the objective lens, and a glass coverslip.

with the 2535 cm−1 peak that is scattered off the cell wall has a constant

intensity above background, and the peak is higher still for regions of the cell

where there is cytoplasm. As shown previously in Figure 5.8, the index of

refraction change from background solution to cell wall produces one intensity

of peak, while an additional index of refraction difference from the cytoplasm

produces an even higher intensity peak. The exact origins of this peak with

regard to the experimental setup is still to be determined.
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Figure B.2: Images of scattered light for different z-positions of the coverslip
with corresponding spectra showing the height of the anomalous peak at 2535
cm−1. Spectra are offset both horizontally and vertically for clarity. There
was no sample, just immersion oil on top of the objective lens, and a glass
coverslip. The diagrams indicate the relative position of the coverslip to the
focal volume, which is fixed, as well as the immersion oil being extended as
the coverslip is raised by the stage. When the coverslip is near the focus, the
anomalous peak is at its highest.
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Appendix C

Protocol for Yeast Cell Culture and Sample

Preparation

This appendix is the protocol used in the experiments in this disserta-

tion for growing and starving yeast cells [36, 55]. Additionally, a description

of preparing samples, including cleaning coverslips and making ghost cells, is

included.

General Yeast Growth Procedure

1. Solid culture

2. Pre-Culture

3. Exponential Culture

4. Starvation Culture

Prepare agar plates

1. Note for yeast: 19 mL of agar solution equals one agar plate.

2. Pour 19 mL Millipore water into glass bottle, shake with appropriate

amount of agar (read label).
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3. Autoclave, lid on but not closed tightly, on optional cycle (12 min at

108◦F), it takes a total of 45 min to 1 hr, from warm up to cool down.

4. Close lid, take hot bottle to cabinet, pour into petri dish, seal, let sit out

upside down for about 12 hours.

5. After agar has dried, put in hood, wipe off condensation on inside of lid.

Seal with parafilm and keep in hood.

Prepare media

1. EMM2 is regular media; EMMG low glucose is starvation media.

2. Add 250 mL of Millipore water into glass bottles, mix with correct

amount of media, shake to break up large clumps - follow directions

on labels.

3. Autoclave with lid on but not tightly closed, on optional cycle.

4. Do not let media cook in autoclave after cycle is over; close lid, take out,

spray down and put in biosafety cabinet.

Prepare glassware

1. Select all glassware needed for exponentially growing yeast.

2. Autoclave glass flasks, pipette tips, foil for flasks.

• Invert glassware on tray in autoclave.
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• Put on optional cycle, 4̃5 min.

• After the cycle is done, using double gloves because glassware is

hot, cover glassware with foil inside autoclave.

• Carry to biosafety cabinet, spritz glassware with 70% ethanol on

outside before putting in cabinet.

Solid culture

1. Go to -80◦C freezer, and remove an aliquot of frozen yeast stock. Run to

biocabinet so yeast is out of freezer for the least amount of time possible.

2. In biocabinet scrape, with blue loop, off the top of the frozen stock; get

a small white clump, and rub loop all over agar plate. Spread the yeast

out with the loop to ensure there are lots of spots for the yeast to grow.

3. Run the frozen stock back to -80◦C freezer.

4. Let the yeast grow at 32◦F for 2-3 days.

5. Remove plate from incubator and place upside down (agar and yeast side

up so condensation is on the bottom) in the regular -4◦C refrigerator.

6. Plate is good for one month.

Pre-Culture

1. Yeast are not very sensitive - in the preculture stage it is only necessary

that cells are able to grow.
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2. Label sterilized culture tubes in cabinet, 150 mL (not autoclaved).

3. Put 10 mL of REGULAR media in blue capped culture tube - can pour

from bottle by hand, the exact amount is not crucial. Avoid touching

the rims to each other.

4. Take blue inoculating loop - sterilized - and swab plate, get a small

amount of yeast on loop; put loop in media in tube, and shake tube to

break up the clumps. The media should look cloudy.

5. Put cap on tubes but not tightly. Put tubes in shaking incubator at 25◦C

- (To operate shaking incubator: shaker button is orange, temperature

button is green, the cooler button must be on - hit ENT to set; 205

RPM.)

6. Reseal plates with parafilm, store in regular fridge with agar on top

(upside down) so condensation does not drip on agar.

7. Waste goes in red bio-safety bag.

Exponential Culture

1. Put disposable pipettes from drawer in wet bench into biocabinet - 25

mL (for media) and 5 mL (for collecting samples from preculture tubes).

2. Put 20 mL of media in glass flasks (use the 25 mL disposable pipette).
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3. Measure the optical density of the preculture using the spectrometer on

the lab table in order to know how much to dilute the preculture. Set

the wavelength to 545 nm.

4. Label flasks ahead of time.

5. Use the big pipetter - cover the hole, press button to suck up liquid -

to release liquid uncover hole. Put 20 mL of media (same as preculture)

into each glass flask. Cover with foil.

6. Ideally, the starting optical density for the exponential culture is 0.05.

Set the cuvette reference with only media to zero it.

7. Use the autoclaved blue pipette tips with the regular pipetter and put

1 mL of cells from the blue cap tube into a cuvette (rectangular plastic

tubes in white Styrofoam box). Put a square of parafilm over the cuvette.

8. Check the optical density of the cuvette - if it is over 1.0 it must be diluted

significantly, because the spectrometer reading is not linear above 1.0.

Try diluting 1:3 (66 µL media, 33 µL yeast).

Starvation Culture

1. The same procedure is used as for the exponential culture except EMMG

(low glucose) media is used instead.
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2. Keep yeast in SAME media (do not replace media) the entire length of

the starvation cycle. Yeast are starved because they are hungry, crowded,

and oxygen depleted.

3. When diluting starved yeast, use a filter to separate yeast and and media.

Resuspend yeast in same media - do not add fresh or yeast will start to

recover.

Preparing samples

1. Prepare coverslips (# 1.5, round) as follows: Sonicate for 15 minutes

in 2 % Hellmanex solution, then rinse with de-ionized (DI) water, and

re-sonicate for 15 minutes in the DI water. Repeat this process three

times. After the final sonication, drain container and dry the coverslips

with pressurized nitrogen gas. Note: the final step can be modified: after

the DI water sonication, fill container with 100% ethanol and sonicate

for 5-10 minutes. Dry with nitrogen gas as usual. Drying step should

take approximately 1/3 the time.

2. To observe yeast in solution, no additional coverslip preparation is nec-

essary.

3. To observe yeast attached to the coverslip surface, additional steps must

be taken. Take cleaned coverslips and put them into the glass vacuum

desicator. Evacute the desicator using the vacuum pump. Microwave

the desicator containing the coverslips no longer than 30 seconds. A
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purple plasma from the oxygenated environment should occur within

the evacuated chamber during microwaving. The plasma creates a hy-

drophobic surface on the coverslips. Coat the coverslip with 3-5 µL of

poly-L-lysine with a pipette tip. Yeast cells will stick to this coating.

Allow the solution to dry on the coverslip.

4. Adhere a coverslip to the metal sample chamber with either vacuum

grease or nail polish. The vacuum grease application is very quick, and

is ideal for time sensitive samples. Nail polish, however, takes longer

to dry but results in a stable sample chamber that does not vary with

height.

5. Deposit 65 µL of the solution containing the sample on top of the cover-

slip. A second coverslip can be added to the top of the sample chamber

to prevent the sample from drying out. The method of attaching this

coverslip is optional - the faster application is with vacuum grease.

Preparing ghost yeast

1. Prepare healthy or starved yeast as per normal protocol.

2. Using the tip sonicator on setting #5, sonicate a small flask of yeast by

moving the tip sonicator up and down in the flask. Since this process

heats the tip considerably, it is helpful to put the flask into a beaker of

ice water during sonication.
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3. The structural integrity of the yeast cells can be checked with brightfield

imaging with a microscope. If yeast cells are not sufficiently broken

apart, a higher sonicator setting may be employed.
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