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ABSTRACT OF THE DISSERTATION

Nonlinear Optical Microscopy and Spectroscopy Studies of Biological MoleculesByJulie Chih-chi HsuDoctor of Philosophy in Chemistry University of California, Irvine, 2017Associate Professor Eric Olaf Potma, Chair
Coherent nonlinear optical microscopy is a rapidly developing field that is widelyapplicable to the study of biological molecules and systems. These techniques have theinherent advantages of high speed and resolution, three-dimensional focusing, minimalsample damage, and label free chemical selectivity. In this thesis, applications of differentvibrationally resonant nonlinear techniques to studying the optical and chemicalproperties of biological molecules are explored. The noncentrosymmetry sensitivevibrationally-resonant sum frequency generation microscopy is used in a polarizationsensitive study of collagen second order nonlinear susceptibility tensor terms. Transientabsorption spectroscopy is used to explore the excited state dynamics of of Sepia melanin.Additionally, position dependent phase shifts and changes in spectra in stimulated Ramanmicroscopy are calculated. Optical design of achromatic lenses for implementation in sumfrequency generation microscopy is also included.  
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Chapter 1.  Introduction

  Nonlinear optical spectroscopy is an advantageous modality for the study of optical and

chemical characteristics of biological samples. There are many different forms of nonlinear

optical spectroscopy techniques that can probe different optical processes. The signals generated

through nonlinear optical spectroscopy techniques show nonlinear dependence on the incident

light and require high photo density, spatial coherence, and temporal coherence [1]. The spatial

coherence and high photon density requirements allow for three-dimensional focusing on sample

locations. Additionally, the wavelengths of the excitation light can be chosen such as to

accommodate experimental or sample  requirements such as using infrared wavelengths to obtain

vibrational resonance with the sample, near-infrared wavelengths to avoid biological tissue

absorption, or multiple wavelength combinations to allow signal detection in the visible range.

The ability to tune the incident light to match the vibrational or electronic resonances of the

sample allows for label-free chemical specificity with minimal sample damage.

  In this chapter the general form of nonlinear optical responses is introduced, while three

different nonlinear optical spectroscopy modalities relevant to the work presented in the

following chapters will be briefly described.

1.1.  Nonlinear Optical Response

The nonlinear optical response can be generally expressed by writing out the polarization

induced by the interaction of an electric field with a sample. When an electric field interacts with

a sample, the sample is polarized:
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P=χ E                                                                         (1.1)

where P is the induced polarization, E is the incident electric field, and χ is the susceptibility, a

proportionality factor between the electric field and the polarization. χ is a property of the

sample, but in strong electric fields the susceptibility becomes dependent on the field applied as

well [2]:

P= χ(E) E                                                                   (1.2)

This expression can then be expanded with a power series to obtain:

χ(E) = χ(1) + χ(2) E + χ(3)E2 + ...                                             (1.3)

and

P = χ(1)E + χ(2) E2 + χ(3)E3 + ...                                             (1.4)

Aside from the linear first term, the higher order terms are the origin of the nonlinear optical

response. Here χ is a tensor that relates the components of the electrical field to the induced

polarization in each component. These susceptibility terms are small, and therefore the nonlinear

signal is usually weak and requires high incident photon intensities to be detected.

1.2. Stimulated Raman Scattering

Raman scattering is a form of inelastic scattering where a photon interacts with material to

produce an emitted photon of different energy. There are two possible types of Raman scattering:

Stokes and anti-Stokes. In Stokes scattering, the emitted photon has lower energy than the

incident photon, while in anti-Stokes scattering the emitted photon has higher energy than the

incident photon. The difference in energy results from interaction with energy states of the
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material, and therefore the resulting emitted wavelengths will be dependent on the properties of

the material. The intensity of spontaneous Raman scattering can be expressed as [3]:

I(ωs)= N z σ(ωs) I0                                                         (1.5)

where N is the molecular number density, z is the path length, σ(ωs) is the cross section of the

sample molecules at wavelength ωs, and I0 is the intensity of the incident light. Typical cross

sections for organic liquids are on the order of magnitude of 10-29 cm2, and as such spontaneous

Raman scattering is a relatively weak process [1]. The signal is isotropic and incoherent. To

improve the signal generation and obtain coherent signal, stimulated Raman scattering can be

used instead.

  Stimulated Raman scattering is a third order nonlinear optical process. It uses two incident

fields, the pump Ep and the Stokes Es with frequencies of  ωp and ωs, respectively. When the

difference between  ωp and ωs is close to a vibrational mode of the sample, a stimulated Raman

resonance is produced. Stimulated Raman scattering can be detected with either a stimulated

Raman gain (SRG) mode or a stimulated Raman loss (SRL) mode. In stimulated Raman loss, the

signal generated is at the same frequency as the incoming pump wavelength ωp. The process is

an energy transfer that results in a loss of signal for the incident pump field. This can be detected

through frequency modulation of the incident pump field and detection with a lock-in. The

polarization response for stimulated Raman loss can be expressed as:

P(3)(ωp) = χ(3)(ωp) |Es|2 Ep                                                    (1.6)

As stimulated Raman scattering only detects the imaginary part of the nonlinear susceptibility,

the SRS spectra show absorption curve shapes that directly correspond to the spontaneous

Raman spectra and are free of nonresonant background. This methodology has the advantages of
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chemical specificity, good signal-to-noise ratio, and  efficient signal acquisition that is desired

for biological sample studies.

Figure 1.1: Schematic diagram of stimulated Raman scattering process. The molecule, initially in
the ground state, interacts with the pump beam and Stokes beam, which have a frequency
difference that matches a vibrationally excited state.

1.3. Sum Frequency Generation

Sum frequency generation is a second order nonlinear process where two frequencies ω1 and

ω2 interact with the sample to generate a signal frequency at  ω3 = ω1 + ω2 (Figure 1.2). Sum

frequency generation is only sensitive to systems without inversion symmetry, such as surfaces

or bulk noncentrosymmetric systems. The second-order susceptibility χ(2) signal vanishes in

systems with inversion symmetry due to dipole approximations [4]. As such it has been a widely

used spectroscopic technique for surface specific measurements such as surface monolayers,

molecular adsorbates at interfaces, semiconductor and metal surfaces, and surface reaction
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dynamics [5-7]. The technique can be taken further to provide chemical specificity when one of

the incident frequencies is chosen to be in resonance with a vibrational mode of the sample. This

is referred to as vibrationally-resonant sum frequency generation (VR-SFG), and the signal in

such a process is largely enhanced due to the resonance.

Figure 1.2: Schematic diagram of the sum frequency generation process. The first frequency is
chosen to be in resonance with the vibrational level of the molecule for a VR-SFG.

1.4. Electronic Pump Probe Spectroscopy

  Pump probe spectroscopy is a nonlinear technique used to observe the transient absorption of a

molecule. In this technique, a pump beam is used to excite the sample molecule, then a probe

beam is used to detect the changes in the excited state as a function of wavelength and time. The

many variables that can be probed allows the pump probe technique to distinguish otherwise

spectrally similar molecules as well as the dynamics of these optical processes.

  In pump probe spectroscopy, the molecule is excited by absorption of the pump beam from the

ground state S0 to some excited state S1. The molecule may undergo internal conversion to
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arrive at state S2. From this state, the molecule interacts with a second beam, the probe. The

probe may drive the molecule in three ways[8]:

1. From S2, the molecule absorbs the probe beam and arrives at an excited state S3.

2. The probe beam drives stimulated emission of the molecule from S2 to S0.

3. The probe depletes the ground state S0 by driving a S0-S4 transition.

The processes are shown in Figure 1.3. The signal is detected by applying a modulated pump

beam, then applying the probe beam at varying times delays after the pump beam, and collecting

the ratio of the absorption of the probe with and without the pump. In this detection scheme, of

the above mentioned cases, case 1 generates a positive signal, while case 2 and 3 generate

negative signals.   The pump probe spectroscopy can be applied to study pump induced changes

in the probe and the optical pathways of a molecule.

Figure 1.3: Schematic diagram of pump probe processes. Three scenarios are shown from left to
right: 1) excited state absorption, 2) stimulated emission, 3) ground state depletion.
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Chapter 2. Achromatic Optical Lens Design

  Vibrationally-resonant sum frequency generation has the unique qualities of surface

noncentrosymmetry specificity as well  as chemical specificity. Although these qualities make it

advantageous for studies of certain systems such as surface monolayers or surface reaction

dynamics, it has remained mostly a spectroscopic technique. Development of a VR-SFG

microscope has been met with difficulties in meeting the imaging requirements of high speed and

resolution [9-11]. The setup previously assembled in our research group provides an

improvement to the VR-SFG microscope by featuring picosecond pulsed beams and collinear

illumination. However, it is still unable to achieve the resolution and speed of other common

coherent nonlinear microscopy techniques due to limitations in the optics. In this chapter,

alternative designs that can improve the performance of the VR-SFG microscope are evaluated.

2.1. Introduction

   The VR-SFG microscope setup (Figure 2.1) features improvements over previous designs due

to implementation of pulsed picosecond lasers and collinear illumination with a focusing

objective [12]. The objective chosen is a 0.65 NA, 74x reflective objective, as this allows for

focusing of both the near-infrared and mid-infrared beams even as the wavelengths generated by

the optical parametric oscillator are tuned to generate vibrational resonances with the sample.

The image is obtained by loading the sample on a two dimensional piezo stage and scanning it

across the optical beam path. Although this configuration works, as will be demonstrated in

Chapter 4, there are still many improvements to be desired.
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Figure 2.1: VR-SFG microscope setup with reflective objective and piezo stage scanning.

  On the issue of imaging speed, the above setup is limited by the speed of the sample piezo stage

scanning over the optical axis. The speed of image scanning can be greatly improved by

scanning the optical path of the laser beam instead through use of a mirror galvanometer. The

use of the mirror galvanometer can reduce the time necessary for imaging a 512 by 512 pixel

image from up to ten minutes to less than 30 seconds. The implementation of beam scanning will

require reducing the beam diameter to less than the galvo mirror size, then re-expanding the

beam diameter to fill the back aperture of the objective lens [13]. The reducing of the beam size
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can be accomplished by use of a pair of curved mirrors, while the re-expanding of the beam

requires implementation of a scan and tube lens pair. Curved mirrors would not work well for

this purpose as the scanned beam can not be aimed at the center of the mirror, and it is physically

difficult to mount the curved mirror inside commercial microscope housing. The scan and tube

lens pair also serve the additional function of creating a conjugate plane pair between the galvo

mirrors and the back aperture of the objective lens. This allows the beam to be stationary at the

back aperture of the objective lens and then scan over the focal plane.  Due to the large

difference in the frequencies ω1 and ω2 ,  finding a suitable scan and tube lens pair that does not

induce severe chromatic aberration, where different wavelengths of light are focused onto

different focal points, is an issue that must be addressed.

On the issue of resolution, the reflective objective lens (Edmund Optics, 0.65 NA, 74x) was

found to have poor axial  focusing along the optical axis due to the obstruction of the center of

the incident beam in the reflective design. A refractive based objective lens capable of focusing

in both the mid-infrared and near infrared would be highly desirable for improving the

performance of the VR-SFG microscope [14]. As of current, there are no suitable commercial

lenses that are capable of focusing such a wide range of near-IR and mid-IR wavelengths

simultaneously to the same point, and a new design is necessary.

  The improved configuration for the VR-SFG microscope is shown in Figure 2.2 in comparison

with the original configuration. The implementation of laser scanning and a complete set of

refractive, achromatic lenses is expected to allow the VR-SFG microscope to achieve resolution,

speed, and image quality similar to techniques such as coherent anti-Stokes Raman scattering.
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a

b

Figure 2.2: Schematic diagrams of VR-SFG microscope setups. a) Original setup consisting of
piezo stage sample scanning and a reflective objective. b) New setup consisting of mirror galvan-
ometer laser scanning and a refractive objective.
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2.2. Selection of Materials

  In order to design custom refractive lenses for the VR-SFG microscope, selection of

appropriate lens materials is important. Main selection criteria for lens materials include:

1. Transmission range: the lens material needs to have efficient transmission for the near-

infrared to mid-infrared range (wavelengths of VR-SFG interest range from 750 nm to 3400

nm).

2. Small χ(2): the lens material should not itself have a large sum frequency generation signal

that would interfere with the imaging.

3. Refractive index: the scattering properties of the materials selected should complement each

other in order to produce an achromatic effect where the overall refractive index is relatively

constant over the range of wavelengths of interest.

4. Other considerations for practicality: special characteristics that may be impractical for use

as lens material, such as rarity, toxicity, hygroscopic, or large thermal expansion.

  The selection of materials was first narrowed down by considering crystals and glasses that had

considerable transmission within the range of interest. As it is a wide range covering near-

infrared to mid-infrared, only some select crystals fit the criteria, and not many commercial glass

options are available. Table 2.1 compiles a list of crystalline materials and their transmission

ranges that are potentially a fit for the range of interest [15-17]. The comments include special

characteristics that may need consideration. Table 2.2 lists some special infrared commercial

glasses that best match the transmission criteria and the other available information on these

glasses. Unfortunately after inquiry the production of special glasses that match the transmission
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Table 2.1: Transmission ranges of crystals.

Material Transmission Range Comments
CaF2 0.13-10
BaF2 0.14-13 slightly hygroscopic
SrF2 0.21-11.5
MgF2 0.2-7.7
PbF2 0.25-11 toxic
LiF 0.1-11
ZnS 0.37-13.5 large χ2
ZnSe 0.6-21 large χ2
Al2O3 (Sapphire) 0.15-5
MgAl2O4 (Spinel) 0.4-5
Tl[Br,I] (KRS-5) 0.6-40 toxic
Tl[Cl,Br] (KRS-6) 0.4-25 toxic
SiO2 (IR grade fused silica) 0.18-3.5 high partial dispersion
MgO 0.36-5.4
KBr 0.23-25 hygroscopic
CsBr 0.25-40 hygroscopic, large thermal expansion
NaBr 0.17-18 hygroscopic
KCl 0.21-21 hygroscopic
NaCl 0.2-15 hygroscopic
AgCl 0.4-25 slightly light sensitive
CsCl 0.19-30 hygroscopic
NaI 0.26-24 hygroscopic, large thermal expansion
KI 0.38-35 hygroscopic
CsI 0.25-55 hygroscopic
TiO2 0.43-5
Y3Al5O12 (YAG) 0.21-5.5
Y2O3 0.2-12
As2S3 0.6-11
GaN 0.35-10
AlN 0.22-5
Ag3AsS3 0.63-4.6
SrTiO3 0.43-3.8
BeO 0.44-7
CaMoO4 0.45-3.8
CaWO4 0.45-4
KNbO3 0.4-5.3 birefringent
KTiOPO4 0.43-3.54 birefringent
LiIO3 0.5-5
CuGaS2 0.55-11.5
GaS 0.633-10.59
HfO2-Y2O3 0.365-5
ZrO2-Y2O3 0.36-5.1
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Table 2.2: Transmission ranges of special glasses.
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criteria have mostly been discontinued by companies. This narrows the search down to crystal

materials that fit the transmission range and do not have practicality considerations. Table 2.3

lists the second order nonlinear response of some of the crystals from Table 2.1; those with high

second order nonlinear response are also unsuitable for the purpose.

Table 2.3: Second order nonlinear susceptibilities for crystals.

  After the above considerations, the refractive index is also an important factor in determining

whether the material is suitable or not. Typically materials have some amount of dispersion,

where the refractive index of a material will vary as a function of the wavelength, and as such it

is not possible to achieve the same focus for two widely separated wavelengths using only a

single material. Therefore an achromatic lens is required. The achromatic lens usually consists of
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two individual lenses made from two materials that have different amounts of dispersion. One

lens is made of a material that has higher dispersion (flint), and the other is made of a material

with lower dispersion (crown). The two lenses shaped and are mounted together so that the

overall effective lens has reduced chromatic aberration and is able to bring two different

wavelengths to the same focus. When considering dispersion properties of lens materials for an

achromat, the Abbe number is a frequently used measure. The standard Abbe number V is

expressed by:

                                                              (2.1)

where n
D

, n
F

and n
C

are the refractive indices of the material at the wavelengths 589, 486 nm and

656 nm, respectively [18]. The wavelengths chosen for calculating the Abbe number can be

modified in some instances to calculate a dispersion index more specific to the case at hand.

Table 2.4 shows the Abbe number, refractive index, and classification of the crystals previously

examined in Table 2.1.

  For a first order design, the Abbe number and the focusing power of the two lenses coupled in

the achromat can be chosen so as to satisfy:

                                                                (2.2)

where ϕ1 and ϕ2 are the focusing power of the first lens and second lens, respectively, and V1 and

V2 the Abbe number of the two lenses [18].
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Table 2.4: Refractive indices of crystals.

Material n(775) n(3.39) Δn Abbe # Type
CaF2 1.4308 1.41493 0.01587 94.96 Crown
BaF2 1.47072 1.45955 0.01117 81.61 Crown
SrF2 1.43474 1.41874 0.016 91.59 Crown
MgF2 1.37529 1.35602 0.01927 106.22 Crown
PbF2 1.75012 1.72106 0.02906 28.51 Flint
LiF 1.38926 1.36039 0.02887 97.29
ZnS 2.31719 2.25504 0.06215 Flint
ZnSe 2.53047 2.43565 0.09482 Flint
Al2O3 (Sapphire) 1.7606 1.726 0.0346 72.4 Crown
MgAl2O4 (Spinel) 1.70824 1.65757 0.05067 60.67 Crown
Tl[Br,I] (KRS-5) 2.49758 2.384 0.11358
Tl[Cl,Br] (KRS-6) 2.19628 2.19342 0.00286
SiO2 (IR grade fused silica) 1.45376 1.4091 0.04466 67.41 Crown
MgO 1.72845 1.68311 0.04534 53.5 Crown
KBr 1.54971 1.53634 0.01337 33.64 Flint
CsBr 1.68444 1.66858 0.01586 34.11 Flint
NaBr 1.63045 1.61301 0.01744 31.72 Flint
KCl 1.48348 1.47317 0.01031 44.39 Flint
NaCl 1.53625 1.52327 0.01298 42.89 Flint
AgCl 2.03712 2.00141 0.03571 Flint
CsCl 1.63121 1.61871 0.0125 43.92 Flint
NaI 1.75701 1.73414 0.02287 26.69 Flint
KI 1.6494 1.62875 0.02065 23.66 Flint
CsI 1.76733 1.74356 0.02377 23.99 Flint
TiO2 2.48893 2.41 0.07893
Y3Al5O12 (YAG) 1.82235 1.77357 0.04878
Y2O3 1.9128 1.86934 0.04346 32.95 Flint
As2S3 2.52756 2.41386 0.1137
GaN 2.35724 2.28184 0.90097 18.78 Flint
AlN 2.1399 2.07728 0.06262 50.73 Crown
Ag3AsS3 2.90002 2.73911 0.16091
SrTiO3 2.34704 2.214 0.13304 12.71 Flint
BeO 1.71319 1.65877 0.05442 93.25 Crown
CaMoO4 1.97084 1.91645 0.05439 28.83 Flint
CaWO4 1.90367 1.85825 0.04542 34.95 Flint
KNbO3 2.14316 2.05033 0.09283 18 Flint
KTiOPO4 1.74975 1.68107 0.06868 25.56 Flint
LiIO3 1.86792 1.82589 0.04203
CuGaS2 2.59947 2.49233 0.10714
GaS 2.66579 2.57625 0.08954
HfO2-Y2O3 2.09351 2.03473 0.05878 39.53 Flint
ZrO2-Y2O3 2.13704 2.06958 0.06746 33.54 Flint
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  In the 1962 study by Herzberger and Salzburg, a method for selecting appropriate pairs of

materials for achromatic lenses is proposed [19]. According to their method, a modified Abbe

number can be calculated as follows:

                                                         (2.3)

and a partial dispersion defined as:

                                                      (2.4)

To find suitable achromat pairs for the range λ1< λ2< λ3, one should try to find a pair that

maximizes Δv and minimizes  ΔP. Oliva and Gennari apply this to some combinations of near-

infrared materials in their 1995 study and note possible pairs [20]. Following this method, the

above mentioned criteria, and considerations on the availability of the material, the list can be

narrowed down to calcium fluoride (CaF2) and magnesium oxide (MgO),  a pair of materials that

would be suitable for an achromatic lens in the near-infrared to mid-infrared region. In the

following section, lenses consisting of these two materials are modeled to see if indeed they

could fix the chromatic aberration in the VR-SFG microscope system.

2.3. Results and Discussion

 Designs for achromats, starting with a scan and tube lens and finally a refractive objective, are

chosen with the actual dimensions and parameters of the VR-SFG microscope setup in mind.

The optical design and performance were modeled and optimized using Zemax (Radiant LLC).
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Briefly, the scan lens was located approximately 50 mm from the galvo mirrors, with an

incoming beam width of 1.41 mm and scan angles of ± 2 degrees. the distance between the scan

lens and the tube lens housed in the microscope frame was approximately 180 mm, and the

distance between the tube lens and the objective was approximately 145 mm. The incident beam

from the galvo scanning mirrors required expansion of approximately 3 times to just overfill the

back aperture of the objective lens. As the scan and tube lens act as the beam expander, the

expansion ratio of 3 determines their relative focal lengths. Therefore, the scan lens was

designed as a 1 inch lens with an effective focal length of approximately 45 mm, the tube lens

with approximately 135 mm,  and the objective with 2 mm and characteristics similar to the 0.65

NA, 74x of the reflective objective.

  The design and performance of the scan lens with the calcium fluoride and magnesium oxide

achromat is shown in Figure 2.3 in comparison with a calcium fluoride singlet. It can be seen

that the doublet performance focuses the two wavelengths (0.775 and 3.39 μm) to a much closer

point than the singlet does. The singlet produces a chromatic focal shift of roughly 3.8 mm while

the achromatic doublet only produces about 20 μm of focal shift.
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Figure 2.3: Comparison of optical performance of a calcium fluoride and magnesium oxide
doublet scan lens with a calcium fluoride singlet.

   The large improvement in reducing chromatic  focal shift that the achromatic doublet offers is

further highlighted in Figure 2.4. The figure demonstrates that there is indeed an improvement in

chromatic focal shift to be obtained through the design of achromatic doublets of the calcium

fluoride/oxide pair.   As such, the designs were optimized in Zemax with a RMS spot radius

based merit function with additional significant weight placed on the longitudinal chromatic

aberration while varying weights were placed on other terms of aberration that appeared to be

dominant. Reasonable limitations were also placed on the thickness (between 2 to 20 mm) and

curvature of the surfaces. Several configurations were tested, and multiple rounds of local

Hammer optimization and global optimization were performed to reach the final design.
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Figure 2.4: Comparison of chromatic focal shift. Performance of the achromatic doublet in red,
calcium fluoride singlet in black.

  The optimized design for the scan lens is shown below in Figure 2.5, while the surface details

are listed in Table 2.5. This design was optimized for 7 different wavelengths that cover the

possible VR-SFG wavelength tuning over the CH stretch range. It was optimized with 6 fields

covering 0 to 4 degrees to account for the angled incident beams from the galvo mirrors; this is

in excess of the actual scanning angles of ± 2 degrees that are actually necessary for the

experimental setup. The performance of this lens is shown in Figures 2.6 through 2.9.
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Figure 2.5: Layout for optimized scan lens design.

Table 2.5: Scan lens design surface parameters.

  The chromatic aberration of the achromatic scan lens design is shown in Figure 2.6. Similar to

the comparison before in Figure 2.3, the chromatic aberration is limited to roughly 20 μm in the

achromatic design. Figure 2.7 shows the Seidel diagram, where each column shows the general

types of aberrations at each surface of the achromat.  The total aberration from the lens will be a

sum of the aberrations from each individual surface. It can be seen from the last column that the

overall aberrations are well balanced out for this lens design. The aberration performance can be

further observed in Figure 2.8, the spot diagram. Each of the six grids shows the focal point spot

for a different field angle, and the seven wavelengths modeled are shown in different colors. It

can be seen that for up to 2 degrees of field angle, the focal spot is well within the diffraction

limited Airy radius. For 3- 4 degrees of field angle, the focal spot shows a little more distortion,

however this is beyond the experimentally required angle.
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Figure 2.6:  Chromatic focal shift for the optimized achromatic scan lens.

Figure 2.7: Seidel diagram showing the aberrations in the achromat. The last column shows the
overall aberrations for the lens after the two elements balance each other out.
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Figure 2.8: Spot diagram for the achromatic scan lens design. Each grid represent a different
field angle, and the colors indicate the different wavelengths. The black circle is the calculated
Airy radius.

  The final measure of the performance of the lens is the Strehl ratio. The Strehl ratio varies

between a value of 0 to 1, where a ratio of 1 indicates a system completely free of aberration.

Based on , values of the Strehl ratio of 0.82 and above are acceptable. In Figure 2.9 it can be

seen that the achromatic scan lens has Strehl ratios of 0.941 and 0.995 for 0.775 and 3.39 μm,

respectively, at a 2 degree field angle. This is within the acceptable range and the lens design

performance overall is much improved over non-corrected singlet lenses.
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Figure 2.9: Point spread function and Strehl ratio at 0.775(top) and 3.39 μm(bottom).
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  A similar design and optimization was carried out for the tube lens, creating a design with

effective focal length of approximately 135 nm. The layout of this achromatic tube lens is shown

in Figure 2.10, while the surface parameters are listed in Table 2.6.

Figure 2.10: Layout of the achromatic tube lens.

Table 2.6: Surface parameters for achromatic tube lens design.

  The performance of the tube lens was similarly satisfactory. Figure 2.11 shows the chromatic

aberration of the tube lens design, where the chromatic aberration between the wavelengths of

0.775 and  3.39 μm is less than 40μm. This value is within the diffraction limited range for these

wavelengths. Figure 2.12 shows to spot diagram for the tube lens. In this figure it can be readily

seen the the focal spots for all field angles even up to 4 degrees are well within the limits of the

Airy radius, and the different wavelengths are well overlapped. The overall performance of the

scan lens and tube lens doublets are high and both offer a large improvement in terms of the

chromatic aberration.
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Figure 2.11: Chromatic focal shift of the achromat tube lens.

Figure 2.12: Spot diagram for the achromatic tube lens design.
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  Following the design and optimization of the scan lens and tube lens, a preliminary design for a

refractive objective is shown below (Figure 2.13). The objective has approximately 0.5 NA, and

consists of multiple elements from calcium fluoride and magnesium oxide material. Detailed

parameters of each element are listed in Table 2.7.

Figure 2.13: Layout of an achromatic refractive objective.

Table 2.7: Surface parameters of achromatic refractive objective.
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  The performance of the objective is shown in Figures 2.14, 2.15, and 2.16. Figure 2.14 displays

the chromatic focal shift of the refractive objective in the range of 0.775 and 3.39 μm, and the

focal shift is less than 2 μm throughout the entire range of wavelengths. Figure 2.15 shows the

modulation transfer function for the objective in for the wavelengths of  0.775 and 3.39 μm. The

modulation transfer function(MTF) defines the response of a sine wave through the optical lens

system for varying sine spatial frequency. The MTF is measured in cycles per millimeter, which

can be converted to period in micrometers, thereby making the understanding of the MTF

representing what the smallest feature the optical system is capable of spatially resolving more

intuitive. Figure 2.15 shows that the objective lens performance is just slightly below diffraction

limited performance, and the smallest feature that can be resolved at approximately 0.74 μm.

Figure 2.16 shows the spot diagram, where the performance is close to diffraction limited.

Figure 2.14: Chromatic focal shift of the refractive objective lens.
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Figure 2.15: Modulation transfer function of the objective lens.
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Figure 2.16: Spot diagram of the refractive objective lens.

2.4. Conclusion

The lens designs modeled demonstrate that implementation of achromatic refractive lenses into

the VR-SFG microscope in order to improve its resolution and speed is feasible. Although there

are no commercially available lenses capable of focusing near-IR and mid-IR simultaneously to

the same point, the results have demonstrated that a custom design made from crystal materials

available on the market is able to efficiently reduce chromatic aberrations and achieve high

performance. The implementation of such lenses and a mirror galvanometer onto the VR-SFG

microscope system would enhance its capabilities and improve its compatibility with other

coherent nonlinear microscopy systems.
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Chapter 3. Geometry Dependent Phase Shifts in Stimulated Raman

Scattering

  Position and geometry dependent phase shifts are a factor in stimulated Raman spectroscopy

that affect the resulting spectral profiles. The position of a sample in the focus as well as the

detection configuration  can cause changes in the spectral shape that have not previously been

examined in detail. A theoretical model for consideration of these spatial geometry effects is

presented and compared with experimental data. This provides better understanding of these

phase effects and how to set up an ideal configuration to minimize them.

3.1. Introduction

  Stimulated Raman scattering uses a pump beam ωp and Stokes beam ωs to generate a third-order

nonlinear signal at the same wavelength as the incident pump, ωp.  In a classical description what

the detector measures can be considered an interference between the excitation pump field Ep

and the induced dipole field. This is similar to a heterodyne detection: the excitation pump field

is the local oscillator, and the phase difference between the interfering fields is determined by the

sample response and experiment geometry.

Previous theoretical studies on how spatial setup of the experiment, including sample excitation

as well as signal detection, affect spectra measurement have generally assumed homogeneous

samples and plane wave excitation, thus fixing the spatial phase. However, in the case of  single

molecule spectroscopy, the induced dipole field is emitted from a single point and can not be

assumed to be a plane wave. Similarly, in the case of stimulated Raman scattering microscopy,

tightly focused excitation fields are used, and the plane wave excitation assumption also does not
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apply [21]. Therefore, in the interest of characterizing the geometry dependent phase shift in

stimulated Raman scattering microscopy, a theoretical description that takes spatial phase into

account is necessary. The calculation provides a fundamental picture of how the electric fields

involved in the SRS process change throughout focusing, dipole emitting, and propagating to the

far field [22].

3.2. Theoretical Model

  Stimulated Raman scattering signal can be described in the classical description as an

interference mixing of the excitation field and the induced field at the detector. The total signal

intensity detected at the detector from stimulated Raman scattering can then be expressed as:

            (3.1)

where S(R) is the total signal intensity detected at a far-field point R, Es is the induced SRS

signal field, ELO is the incident excitation field acting as a local oscillator, n(ωs) is the refractive

index of the sample material at frequency ωs, c is the speed of light in vacuum, and Is and ILO are

the intensities of the induced signal field and incident excitation field, respectively. From this

expression, it can be noted that the heterodyne term of the detected total signal is:

                          (3.2)
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In order to evaluate this expression, it is necessary to formulate Es(R) and ELO(R) for SRS. In the

case of stimulated Raman loss, as mentioned in Chapter 1.2, the induced polarization field at a

point r of the sample can be expressed as:

                                (3.3)

where in the case of stimulated Raman loss, E1 is the incident pump field and E2 is the incident

Stokes field. Following the generation of the induced field at r, the field propagates to the

detector at the far field location R with a phase shift Φ that is dependent upon the experimental

geometry. The electric field at R can be related to the field at r by:

                                       (3.4)

From these two equations, the heterodyne terms can be rewritten as:

                                      (3.5)

where φ and α represent the phase shift between R and r for the induced field and the excitation

field, respectively.

  The values of  φ and α can be discussed for four separate scenarios:

1. Plane wave excitation of a thin homogeneous sample:

The geometry of this scenario can be seen in Figure 3.1 a. The induced field generated by a

sheet of dipoles at plane z has a phase shift of  φ = - 1/2 π [23]. The phase stays constant for

plane wave excitation, so α = 0. Therefore, these equations can be derived:
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                                                 (3.6)

                               (3.7)

                (3.8)

                    (3.9)

This result indicates that the SRS signal is linearly proportional to the intensities of the pump

beam and Stokes beam at the sample point r, and also reflects only the imaginary part of the

third order susceptibility.

2. Plane wave excitation of a single dipole:

For a single dipole (Figure 3.1 b), the induced field generated has a constant phase, and φ =

0. The excitation plane waves also have a constant phase, so  α = 0. This leads to the

equations:

                                                 (3.10)

                     (3.11)

 In this scenario, the SRS signal is still linearly proportional to both excitation field

intensities, but now is proportional to the real part of the third order susceptibility, creating

diffusive line shapes.
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Figure 3.1: Three example geometries for stimulated Raman scattering. E1 is an incident
excitation field, r indicates a sample position where the induced field is generated, and R is a
far field point from where the signal is detected. a) Plane wave excitation of a thin layer of
uniform dipoles indicated by black dots. The dashed lines indicate the propagation path for
each dipole. b) Plane wave excitation of a single dipole. c) Focused beam excitation of a
single dipole.
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3. Focused beam excitation of a single dipole (in focal plane):

For the single dipole, the phase shift φ = 0 again. However, the focused excitation field

undergoes a Gouy phase shift of α =  1/2 π between r and R (Figure 3.1 c.) This gives the

equation [21]:

                    (3.12)

where once again the signal is linearly proportional to the imaginary part of the third order

susceptibility.      

4. Focused beam excitation of a single dipole (out of focal plane):

The single dipole generates an induced field with constant phase, φ = 0. However, the dipole

position along the optical axis can be changed to create a different Gouy phase shift for α.

This leads to the equation:

               (3.13)

where it can be seen that the signal contains a position dependent phase shift and may

contain real parts of the third order susceptibility for certain configurations (Figure 3.2.)
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Figure 3.2: Position dependent phase shift. E1 is the incident excitation field, Es is the induced
field from interaction with the single dipole (black dot), the black lines show the focal volume,
and the grey line shows the Gouy phase shift ϕg. The phase shift α between Es and E1 is
dependent on the position of the dipole. a) Dipole is above the focal plane,  α < 1/2 π. b) Dipole
is on the focal plane, α = 1/2 π. c) Dipole is below the focal plane, α > 1/2 π. Bottom plots show
the phase of the SRS signal on the complex plane for each case.
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3.3 Materials and Methods

  Computational studies were calculated with Matlab (The Mathworks, Inc.) The program was

based on vectoral focal field calculations where the the nonlinear polarization from a single

dipole in the focal volume was approximated as a uniform voxel of 50 x 50 x 100 nm3 according

to Eq (3.3). The incident focused fields were calculated with diffraction theory, and the

interference at the far field was calculated based on Eq (3.2) [24]. The program scanned through

a range of pump beam wavelengths and calculated the intensity of SRL at the detector for each

wavelength. It allowed selection of the sample location and NA of the collection lens, and

graphed the fields at the focal plane and far field, as well as the final interference pattern.

Incoming beams were assumed to be Gaussian, mode 0, and X-polarized. The resonant

wavelength was assumed to be at 800 nm, and the pump was varied around that center value.

The Stokes wavelength was assumed to be 1064 nm. The objective lens was assumed to be a

water lens with NA=1.2. Four types of collection lenses were modeled: 1) air lens with NA=0.9,

2) air lens with NA=1.2, 3) water lens with NA=1.2, and 4) water lens with NA=1.33.  The

vibrational resonance of χ(3) was approximated as a Lorentzian curve with a 5 cm−1 linewidth.

  Stimulated Raman scattering experiments were performed with a coherent Raman scattering

microscope described previously [25]. A 532 nm, 7 ps, 76 MHz Nd:vanadate laser from

Picotrain, High Q  was used to pump an optical parametric oscillator (OPO, Levante) to generate

the excitation beams. The Stokes beam was fixed at 1064 nm while the pump beam was tuned

within the 795 - 811 nm range. The pump beam was modulated at 10 MHz with an acoustic

optical modulator (Crystal Technology). The pump and Stokes beam were overlapped on a

dichroic beam combiner, sent into a laser scanner (Fluoview 300, Olympus), and then a Olympus
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IX71 inverted microscope. A 60X, 1.2 NA, water-immersion objective lens was used for sample

illumination, and a 0.9 NA condenser was used for signal collection. The signal was detected

with a photodiode (FDS1010, Thorlabs) and demodulated with a home-built lock-in amplifier.

Hyperspectral SRS imaging was achieved through software controlled adjustment of several

OPO parameters. A z-axis controller (MFC-2000, Applied Scientific Instrumentation) coupled

with a 635 nm diode laser interferometer was used for stabilizing the sample position.

  Samples were 0.47 micron polystyrene beads from Polysciences Inc. mixed with agarose gel

and fixed on a glass slide.

3.4. Results and Discussion

The computational study modeled the SRS signal for different axial positions of the single

dipole with different detection configurations. Figure 3.3 shows the modeling of the focused

electric fields at the focal plane. After propagation to the far-field, the interference pattern at the

collection lens for on-resonance SRS signal is illustrated in Figure 3.4 [22]. Comparisons are

made for the dipole being above the focal plane, on the focal plane, and below the focal plane

(Figure 3.4 a.)  It can be seen that when the dipole is on the focal plane, the interference pattern

shows completely negative signal, indicating loss of the pump beam intensity in agreement with

the quantum molecular picture of SRS. However, off of the focal plane, the interference pattern

displays positive signal at the edges of the detector, seemingly in contradiction with the quantum

molecular description. According to the quantum model, the sample molecule is initially in the

ground state, then interacts with the pump beam (absorbs), and emits at the Stokes frequency to

arrive at a vibrationally excited state. In this description SRL should always be positive
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(meaning a loss for the pump,) and it should be impossible for the beam to gain photons from the

sample.

Figure 3.3: Incident electrical fields at the focal plane. The three components of the electrical
field at the focal plane were computed. Polarization of incident fields is assumed to be in the x-
axis, so the fields are not radially symmetric.

This seeming inconsistency between computed results from a classical wave mechanics model

and quantum mechanical model can be explained by comparison of Figure 3.4 b and c, where

detected spectra shapes for collection lens of NA=0.9 and NA=1.2 are shown, respectively. For

the NA=0.9 lens (Figure 3.4 b), when the dipole is in the focal plane, the signal is proportional to

the imaginary part of the nonlinear susceptibility (Eq 3.12 ), and the lineshape is absorptive.

When the dipole is above or below the focal plane, the real part of the nonlinear susceptibility

also contributes to the signal, and a dispersive lineshape is observed, pointing to the seeming

gain in pump signal also present in Figure 3.4 a. However, upon inspection of Figure 3.4 c,
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where the collection lens is assumed to encompass the entire hemisphere (NA=1.2), all

lineshapes are Lorentzian regardless of the position of the dipole in the focal volume.

 The above results can be explained by considering that the pump beam propagates to the far

field with a Gouy phase-shift and mixes with the induced field to generate a SRS interference

signal that is not spatially uniform. Therefore, although there is overall destructive interference

with the dipole field, the detected signal may be positive if the collection lens is not large enough

to receive all forward signals.  Once the detection aperture is large enough to capture the full

interference signal, then there is no inconsistency between the molecular energy level picture and

the wave mechanics picture; either one predicts a loss for the pump beam regardless of sample

location and pump wavelength.

  Similar results as the above are observed for collection with water immersion lenses of

NA=1.2W and NA=1.33W.  In Figure 3.5, the dipole induced field is plotted at the far field for a

NA=1.2 incomplete collection (Figure 3.5 a) and a NA=1.33 full hemisphere collection (Figure

3.5 b.) The interference at the far field with the pump field is similar to the air collection shown

in Figure 3.4. Computed spectra also show that the spectral lineshapes are purely absorptive

when the dipole is in the focal plane, but dispersive when the dipole is out of the focal plane.

The geometry based phase shifts were also confirmed experimentally. Figure 3.6 shows the

experimental SRL spectra for 0.47 μm polystyrene beads’ vinyl stretching vibration. The

polystyrene SRL spectrum changes depending on the position along the optical axis, where a

bead below the focal plane gives a negative dip on the low energy side of the spectrum and a

bead above the focal plane gives a dip on the high energy side. These are in agreement with the

computational results.
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Figure 3.4: Calculation of the detected SRL signal for different configurations. a) Far-field
interference pattern when the dipole is 0.5 μm above the focal plane (top), at the focal plane
(middle), and 0.5 μm below the focal plane (bottom). b) SRL spectra with collection NA=0.9 for
the three dipole positions. c) SRL spectra with a full hemisphere detection, NA=1.2.
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a

b

Figure 3.5: Dipole induced fields propagated to the far field. a) The components of the dipole
induced field detected with NA=1.2 W. b) The induced field with full detection NA=1.33 W.
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Figure 3.6: Experimental spectra of polystyrene beads with different position dependent phase
shifts. a) Experimental SRL spectra for particle 1 micron below the focal plane (pink), on the
focal plane (black), and 1 micron above the focal plane (blue). b) Calculated SRL spectra based
on a Kramers Kronig transformation of the polystyrene Raman spectrum and various phase
shifts. Phase shifts: α = 70° (red), α = 90° (black) and α = 110° (blue).

3.4. Conclusion

  The calculations and experimental measurements confirm that sub-wavelength particles are

sensitive to the effects of position dependent phase shifts in a stimulated Raman scattering
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microscopy measurement. These geometry related phase shifts are reflected on the lineshapes of

the spectra. The most optimal configuration for minimizing these effects is for the sample

particle to be right on the focal plane and for the collection aperture to be large. The theoretical

calculations outline a model for evaluating the geometry and position dependent phase shifts in

future stimulated Raman scattering microscopy measurements where the configuration is

different from what is described above.
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Chapter 4. Sum Frequency Generation Microscopy of Collagen

Vibrationally-resonant sum frequency generation microscopy is an ideal technique for imaging

molecules with noncentrosymmetry to clarify the link between the optical signal and the

chemical moiety responsible for the second-order molecular response. The unique symmetry

sensitive characteristics of SFG have made it a popular spectroscopy technique, but due to

technical limitations, it has not been widely used as a microscopy technique. Our research group

assembled a microscope for the simultaneous acquisition of nonresonant SHG and vibrationally

resonant SFG signals. This VR-SFG microscope has the potential to combine the ability of

infrared spectroscopy chemical specificity with the ability of  coherent nonlinear imaging to

obtain fast, high resolution, and three-dimensional images with no labeling and minimal sample

damage. The microscope allows for imaging noncentrosymmetric molecules such as collagen

with high speed and resolution and  provides information about molecule orientation on a sub-

micrometer scale. The microscope was utilized to take polarization sensitive measurements as a

function of vibrational energy of collagen. These measurements have provided insight on the

molecular modes contributing to collagen sum frequency signal as well as the off resonance

contributions to collagen second harmonic signal.

4.1 Collagen

The most abundant protein in the human body, collagen is an ideal study subject for sum

frequency generation due to its noncentrosymmetric nature [26]. Collagen has many important

biological roles, some of which are areas of high interest in current medical research (e.g. wound
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healing.)  Of the multiple types of collagen, type I is the most common and is present in skin,

tendon, cornea, and connective tissue. Molecularly, collagen peptides have been shown to have

many repetitive GPX or GX-Hyp units, where G is glycine, P is proline, Hyp is hydroxyproline,

and X is a random amino acid. The peptide is commonly about 1000 amino acids in length, and

referred to as a propeptide. Three propeptides will twist together to form the α-helical

tropocollagen. Structurally, type I collagen is composed of α-helical tropocollagen assembled

into microfibrils, which then pack into fibrils [27]. These fibrils then align in a parallel or

antiparallel fashion to produce collagen fibers and lamellae. The structural ordering of these

fibrils determines the vastly differing properties of the various types of collagen tissue [28]. The

intrinsic lack of inversion symmetry and unique long axis of the collagen molecule has allowed

second order nonlinear techniques such as SHG and SFG to image individual fibril orientation

with high resolution.

Although the second-order nonlinear method of second harmonic generation (SHG)

microscopy has been previously used to study collagen, it is unclear what the origin of the

second order nonlinear signal is [29]. SHG has the advantages of  fast imaging, high spatial

resolution, and selectivity to noncentrosymmetric molecular ordering, but its signal is

nonresonant, making it difficult to interpret any links between the optical signal and the chemical

modes responsible for the second-order molecular response. Previous studies using SHG have

pointed to either the amide group of the peptide bond or the methylene groups of proline as the

main source of second-order signal for collagen, yet there is no clear evidence to support this

[30, 31]. In contrast, VR-SFG can be tuned into direct resonance with collagen vibrational modes

to provide nonlinear signal with no background. Simultaneous measurement of nonresonant SHG
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and vibrationally resonant SFG signals with the VR-SFG microscope is carried out in an effort to

clarify the chemical origins of the contrast seen in second-order nonlinear imaging of collagen.

4.2. Microscope Setup and Materials

  The VR-SFG microscope (Figure 4.1) consists of an optical parametric oscillator (Levante,

APE) powered by a 1064 nm, 76 MHz, 7 picosecond pulsed laser (Picotrain, High Q) to produce

two synchronized laser beams of ω1 in the mid-infrared region (2835 to 2970 cm–1) and ω2 in the

near-infrared (765-850 nm). The polarizations two beams were individually controlled with

polarizers and half-wave plates. The mid-infrared beam used a BaF2 wire-grid polarizer

(extinction ratio 150:1 at 3300 cm–1) and the near-infrared beam used a SF2 polarizer (extinction

ratio 1000:1).  The two beams were collinearly combined with a YAG-based dichroic beam

combiner and sent to a Olympus IX-71 inverted microscope. The microscope contained a CaF2

lens and the objective was a 0.65 NA, 74x reflective objective (Edmund Optics).  Sample

scanning was done in a raster point-scan manner with a two dimensional piezo stage (Madcity

Labs) where the sample moved relative to the incident beam. The generated signal was detected

in the forward direction with a refractive condenser lens, an analyzer, three 632± 20 nm

bandpass filters, and a photomultiplier tube (Hamamatsu). This setup allows tight focusing of the

beam without significant sample damage as well as molecular resonance with  ω1 while the signal

can be detected in the 625-650 nm visible range.  The setup also allows for detection of the SHG

signal generated by ω2 by simply changing to appropriate detection bandpass filters. Tuning of

the wavelength was performed by adjusting the temperatures of the PPLN and LBO crystals and

cavity length in the OPO.
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Figure 4.1: Sum frequency generation microscope setup.

  Collagen samples were obtained from rat tail tendons and hawk eye corneas. The rat tail tendon

was sliced into 100 μm thick strands and flattened  between two glass coverslips. The hawk eye

cornea was a 100 μm thick sagittal slice provided by Prof. James Jester, Department of

Opthalmology, UCI. The slice was placed on a glass coverslip and immersed in phosphate

buffered saline.
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4.3 Polarization Sensitive SFG and Collagen Second Order Nonlinear
Susceptibility

  The second order induced polarization in sum frequency generation can be generally expressed

as [4]:

P(2)i = χ(2)ijk EjEk                                                                  (4.1)

where the incident electric fields and induced polarization are vectors, and therefore the

susceptibility   χ(2) is a rank 3 tensor with 27 elements.  In polarization sensitive SFG, different

combinations of settings for the polarization directions of the ω
3
, ω

2
, ω

1 
fields allow for probing

of different individual elements of the  χ(2) tensor. These tensor elements can then be related

back to the hyperpolarizability of chemical groups and their orientations through rotations of the

coordinate frame and applying symmetry properties.

  In order to understand the relationship between the polarization sensitive SFG signal measured

and collagen hyperpolarizability elements, consistent coordinate frames for the laboratory frame

and collagen frame must be defined. This is shown in Figure 4.2, where the laboratory frame has

axes (X,Y,Z) and the collagen frame has axes (x,y,z). In the laboratory frame, (X,Y) forms the

lateral plane where the sample stage moves, and Z forms the vertical optical axis.  For the

collagen molecule, it can be assumed to have a  C
∞v

 point group symmetry where it has a single

long axis y and is cylindrically symmetric around it [7]. For such a point group, based on

Neumann’s principle, there are 7 nonzero achiral second order susceptibility tensor elements



51

(χ
yyy

(2), χ
yzz

(2) = χ
yxx

(2), χ
zzy

(2) = χ
xxy

(2), χ
zyz

(2) = χ
xyx

(2)) and 6 nonzero chiral tensor elements

(χ
zxy

(2) = −χ
xzy

(2), χ
xyz

(2) = −χ
zyx

(2), χ
yzx

(2) = −χ
yxz

(2)) .

Figure 4.2: Coordinate frames for the laboratory frame (X,Y,Z) and collagen frame (x,y,z).  ϕ indi-
cates a rotation of the fiber around Z, and  θ indicates a rotation around  x. Rotations are in a
clockwise fashion following the right-hand rule.

  Experimentally the incident excitation beams are either polarized in X or in Y, then combined

and sent to the microscope. The sample collagen fiber is laid out in the (X,Y) plane and rotated

around the central optical axis, creating different ϕ  angles but a constant θ =0 . The rotation of

the sample is preferable to other variations of polarization settings as they lead to elliptical

polarization arising from the optical components of the setup. The polarization of the incident

beams is linear with less than 1% error right before the objective lens, and the amount of
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polarization in the Z axis generated from the 0.65 NA objective is negligible as well. Under these

conditions, the collagen nonzero susceptibility tensor elements can be related to the measured

SFG polarization elements through a rotation matrix R z :

The rotation matrix is applied in the following way:

                                       (4.2)

The calculation gives four relevant tensor elements in the laboratory frame with the assumption

that there is no z component:

(4.3-4.6)

Further considering the case that collagen has cylindrical symmetry, but may have some small

out of axis tilt, a rotation matrix R x can be defined:
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giving an overall rotation matrix R= R x R z :

From this new rotation matrix and the cylindrical symmetry assumption,

(4.7-4.8)

These relations are useful in evaluating the chemical significance of the experimental results.

4.4. Results and Discussion

The combined VR-SFG and SHG microscope was used to obtain images of rat tail tendon

collagen and hawk corneal collagen. Figure 4.3 shows a comparison of the images from the rat

tail tendon and hawk cornea with both VR-SFG and SHG [32]. The polarizations of the incident

excitation beams were aligned along the long axis of the collagen fibrils in the sample, and for

VR-SFG the mid-infrared resonance was tuned to 2950 cm-1. As both methods probe the second

order nonlinear response, similar features are observed in the VR-SFG and SHG images. The

resolution of the VR-SFG image is limited by the diffraction limit of the mid-infrared

wavelength and slightly lower. However, the overall intensity of the VR-SFG signal is 2 to 5

times that of SHG and SFG contrast seems higher.
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Figure 4.3: SFG and SHG images of hawk cornea (top, a and b), as well as SFG and SHG images
of rat tail tendon (bottom, c and d). Wavelengths used were ω

1
= 2950 cm–1 and ω

2
= 12 897 cm-1,

polarization along the long axis of collagen, figure intensities normalized.
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  To investigate the image contrast of the two modalities, anisotropy measurements where both

excitation beams were first aligned parallel to collagen fibers, then perpendicular to the fibers

were taken. As shown in Figure 4.4, the VR-SFG shows a much higher anisotropy when on

resonance (up to ρ =15) , whereas the SHG anisotropy is relatively constant at ρ = I// /I┴ ≈ 3. This

shows that VR-SFG is preferable in terms of contrast when imaging samples with fibers of

scattered orientation. The anisotropy measurements indicate that the relative contributions of

different χ(2) elements changes when on or off resonance. In the measurement here, the parallel

configuration measures a sum of the χ
yyy

(2) and χ
xyy

(2) elements, while the perpendicular

configuration measures the χ
yxx

(2) and χ
xxx

(2) elements. Applying cylindrical symmetry for

collagen, the anisotropy ratio is equivalent to a ratio of |χ
yyy

(2)/χ
yxx

(2)|2, leading to the conclusion

that the ratio of these two elements is higher when on resonance.
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Figure 4.4: Anisotropy measurements for SFG and SHG on rat tail tendon collagen. a) SFG
image of rat tail tendon collagen where both excitation beams are aligned parallel to the fiber
long axis. b) SFG image where both beams are aligned perpendicular to the fiber long axis.
c) SHG image of the same area with excitation polarization aligned with the fiber. d) SHG where
the excitation beam is perpendicular to the fiber axis. e) Graph comparing anisotropy of SFG
(black line) and SHG (blue) over wavelength range that covers collagen resonance mode at 2950
cm-1. Error bars indicate standard deviation for four measurements.
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Following the anisotropy measurements, a more detailed analysis of 8 different tensor elements

of rat tail tendon collagen was conducted by scanning across the CH stretch region with polarizer

settings of YYY, XXY, XYX, YXX, XXX, YYX, YXY, and XYY .  The resulting spectra are shown in

Figure 4.5. The rat tail tendon was aligned with the Y axis so that ϕ =0 and the two coordinates

(X,Y,Z) and (x,y,z) are equivalent. In this case the measured tensor elements are directly equal to

the collagen susceptibility tensor elements.

  Based on the cylindrical symmetry of collagen, the  χ
yyy

(2), χ
yxx

(2), χ
xxy

(2), and χ
xyx

(2) elements

are expected to have nonzero signal. Indeed signals are observed in these elements, and the

signals were especially strong for  χ
yyy

(2) and χ
xxy

(2)  at the 2954 cm–1 resonance. The resonance

is much weaker in the other two elements where the polarization of the mid-infrared  ω
1
 field is

not aligned with the collagen long axis. Previous works have predicted methylene vibrational

modes as a likely origin to the CH stretch signal [33]. Assuming C
2v

 symmetry for the methylene

mode, it is expected that the χ
yxx

(2) and χ
xyx

(2) elements will be weaker and χ
xxy

(2) will be strong.

The experimental data are in agreement with this, supporting that the  2954 cm–1 CH stretch is a

symmetric stretching vibration.
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Figure 4.5: Polarization dependent spectra of rat tail tendon collagen in the CH stretch region. a)
Stronger tensor elements:YYY, XXY, XYX, and YXX  b)Weaker tensor elements:  XXX, YYX, YXY,
and XYY . Curves are vertically offset and collagen is aligned along the Y axis.
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The spectra in Figure 4.5 can be fit with Lorentzian curves, where the frequency dependence of

the nonlinear susceptibility can be written as:

                                  (4.9)
with χijk,NR being the nonresonant response, φ a phase shift for the nonresonant component, and

the resonant response being a sum of Lorentzian curves of resonance frequency ωv, half width

half max Γv, and amplitude A. The total SFG signal can then be written as:

                                                  (4.10)
where S0 is a background unrelated to second order nonlinear effects.

These equations are used to fit the data in Figure 4.5, and the best fit is obtained by fitting with

three bands at  2954 cm–1, 2896,  and 2877 cm–1 with widths of 12.1, 11.8, and 12.4 cm-1,

respectively. The amplitudes for each band in different tensor elements are shown in Table 4.1,

while the nonresonant responses are shown in Table 4.2.

Table 4.1: Lorentzian profile amplitudes for modeling polarization SFG spectra.
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Table 4.2: Modeling of nonresonant contributions to SFG spectra.

While the main band at 2954 cm-1 correlates well with a CH symmetric stretch of collagen, the

other two weaker bands at  2896  and 2877 cm–1 are unlikely to be from the same mode. They

are most predominant in the  χ
YXX

(2) and χ
XYX

(2) spectra while also showing in the χ
XXX

(2),

χ
XYY

(2), χ
YYX

(2), and χ
YXY

(2) elements, which are not present under a cylindrical symmetry

assumption. The polarization measurements that follow further confirm the likelihood that these

bands come from other molecule sources in the rat tail tendon other than the collagen fibers.

Polarization measurements were performed where the collagen fiber was rotated from 0 to 180

degrees and intensities of different tensor elements were recorded. Figure 4.6 shows an example

of the polarization measurements at 2949 cm-1, representative of the on resonance signal for CH

stretching.  The incident excitation beams were both oriented along the Y axis, and the signal

analyzer polarization was also along the Y axis, giving the YYY tensor term. The small dots in the

images were scattered BaTiO3 particles that were used to identify the rotation angle of the

collagen fibers.
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Figure 4.6: Polarization dependent measurements of rat tail tendon collagen. The incident beam
and signal polarizations were all fixed along the Y axis, while the collagen sample was rotated.

Similar measurements were done for the XXY, XYY, and YXY tensor configurations, and the

same areas in each image were summed to obtain the relative intensities of the four tensor

elements. The measurement was then repeated at 2882 and 2845 cm-1. The results from these

measurements are shown in Figure 4.7. The first column, representative of the CH symmetric

stretch resonance, corresponds well with the cylindrical symmetry collagen model. The YYY and

XXY signals show cos3 ϕ dependence that indicate strong contribution of the χ
yyy

(2) and χ
xxy

(2)

elements, and the four pointed patterns for  XYY and YXY signals agree well with the forms in Eq
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(4.5-4.6).  The data in Figure 4.7 were fitted based on Eqs (4.3-4.6) to calculate the relative

magnitudes of the tensor elements, and the data is shown in Table 4.3. 

Table 4.3: Global fitting of relative tensor elements for polarization dependent SFG.

The second column of Figure 4.7 shows the polarization dependence at  2882 cm–1 signal,

representative of the 2885 cm–1 spectral region. The polarization dependence here is very

different from the 2949 cm-1 dependence; the signal is maximum when the collagen fibers are

oriented on the X axis perpendicular to the polarization of the incident beam. For a cylindrical

symmetric system this should be zero signal, and the tensor elements χ
xxx

(2), χ
yyx

(2), χ
yxy

(2), and

χ
xyy

(2) are necessary to fit the signal. The fitting results also indicate large contributions from the

elements   χ
xxx

(2) and χ
yyx

(2)  that do not fit the cylindrically symmetric molecule model, further

confirming that the band in this region is unlikely to be from collagen.
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Figure 4.7: Polarization dependent sum frequency generation measurements. Collagen sample
was rotated, and the Y axis aligns with 0 degrees in the polar plot. Dots show experimental data
points and red lines show data fits.

The last column in Figure 4.7 shows the polarization dependence when the SFG is tuned off

resonance. The signal displays a more isotropic shape, and a large contribution of the signal
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comes from an isotropic background. This further confirms the on-resonance anisotropic signal

enhancement for VR-SFG. 

4.5. Conclusion

  The study results demonstrate that SFG microscopy is a new technique that has advantages over

currently used SHG in providing additional image contrast and chemical information. The

measurements on collagen have shown high contrast and specificity, and the polarization

dependent measurements have been useful in uncovering the tensor contributions in on

resonance and off resonance conditions. Through analysis of the tensor contributions, we have

been able to identify bands that correlate well with collagen methylene stretch vibrations as well

as ones that are likely from another source in the tissue. The measurements have also clearly

demonstrated the polarization dependent resonance enhancement of signal in VR-SFG. It is an

imaging modality that combines the selectivity of infrared vibrational resonance, surface

specificity of a second-order process, and speed and resolution of coherent nonlinear imaging

and can be a powerful tool in future advancement of our understanding of microscale structures.
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Chapter 5. Optical Study of Melanin

 Melanins are the most common pigment found in mammalian animals and play an important

role in protection against photodamage. Studies have shown that its photoprotective properties

can play an influential role in skin cancer development, and eumelanins and pheomelanins may

have different roles. This project aims to measure the Raman, time-resolved fluorescence, and

transient absorption spectrum for eumelanin and pheomelanin to get a better picture of the

optical properties of melanin and to find ideal signatures for identifying the two types of

melanin. This will help in distinguishing between different types of melanin as well as in

understanding the predominant optical processes that occur in melanin.

5.1. Melanin

Melanins are a broad group of pigments that are abundant in many organisms. They are

produced by melanocyte cells in ~1 micron sized organelles called melanosomes. For humans,

they exist in large quantities in skin, hair, and the retina. Melanosomes can be separated into two

major classes: the brown-black eumelanin and the red pheomelanin. Melanin is able to

effectively absorb light, dissipating over 99.9% of absorbed UV radiation[34]. It has been shown

however that while eumelanin generally acts as a anti-oxidant photoprotecter, pheomelanin may

become a photosensitizer after undergoing photodamage[35,36]. This may have implications for

the cause of melanoma, currently the cause of 75% of deaths related to skin cancer, and as such

it is vitally important to understand the optical processes in melanin[37].

  There has been a dilemma to understanding the structure and optical properties of melanin.

Melanin is a large heterogeneous polymer compound where the cross-linking and composition of
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the melanin varies for different cells and species.  It is known that the basic structural units of

eumelanin are 5,6-dihydroxyindole and 5,6-dihydroxyindole-2-carboxylic acid, while the basic

structural units of pheomelanin are benzothiazine and benzothiazole[38]. The basic structural

units are shown in Figure 5.1 [39]. However, its heterogeneity has limited the amount of further

information that traditional analytical methods have been able to glean about its structure and

composition. For example, linear absorption of melanin generates a broad spectral response that

is relatively featureless [40]. The chemical structure of a molecule is often used in predicting and

interpreting its optical properties, while vice versa optical properties are often used to identify

existing chemical structures. As both are presently unclear, there is no detailed description of the

chemical structure of melanin and its optical properties.  This project aims to better understand

the optical properties of melanin through application of various optical spectroscopy techniques.

a b

Figure 5.1: Basic structural units of melanin. a) 5,6-dihydroxyindole-2-carboxylic acid  polymer
in eumelanin. b) benzothiazine polymer in pheomelanin.
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5.2 Melanin Sample Preparation

  Several sources of melanin were used in the study. Sepia officinalis melanin was purchased

from Sigma Aldrich. Synthetic pheomelanin as well as redhead mouse ear samples were

provided by Professor Conor Evans, Harvard Medical School. Bovine and porcine retinal

epithelial pigment melanosomes, both normal and photobleached, were provided by Professor

Tadeusz Sarna, Jagiellonian University, Poland. Human eumelanin was extracted from black

human hair based on extraction methods previously published [41]. The enzyme based extraction

is briefly outlined in Figure 5.2.

Figure 5.2: Extraction procedure of human hair eumelanin.
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  Melanin samples, excluding the redhead mouse ear samples mounted on slides, were suspended

in pH 7.4 phosphate buffered saline. Synthetic pheomelanin was prepared as 0.84 mg/mL. Sepia

eumelanin and human hair eumelanin were prepared as 3.2 mg/mL, sonicated for 2 hours, then

filtered with a 1000 μm filter (Millipore).

5.3 Raman Microspectroscopy

Raman spectra of the melanin samples were compared to identify if eumelanin, pheomelanin,

and photobleached melanin would have different signatures. Raman microspectroscopy was

measured with a Renishaw InVia Raman microscope with a 2.2 mW 532 nm laser and 50x, 75

NA objective. Melanin samples were suspended in phosphate buffered saline and sandwiched

between two glass slides. Measurements were scanned over an area of several melanosomes then

averaged to reduce sample photodamage. Spectra are the averages of 20-50 measured raw

spectra.

   The measured spectra consistently showed broad features in the 1300 to 1600 cm-1 range, while

there were no features visible elsewhere in the spectrum between 100 cm-1 to 3000 cm-1. The

features in the 1300 to 1600 cm-1 range can likely be attributed to heterogeneous C=C stretching

that leads to a semiconductor-like band structure [42].  The spectrum for pig retinal epithelial

melanosomes is shown in Figure 5.3 and Sepia melanin in Figure 5.4. In comparison with the

synthetic pheomelanin and redhead mouser ear pheomelanin spectra in Figures 5.5 and 5.6, the

eumelanins’ second peak occurs at a slightly longer wavenumber. Although there are small



69

differences, the overall spectral features are very similar, and the broad spectral features do not

provide very much structural insight.

Figure 5.3: Pig RPE eumelanin Raman spectrum.
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Figure 5.4: Sepia officinalis melanin Raman spectrum.

Figure 5.5: Synthetic pheomelanin Raman spectrum.



71

Figure 5.6: Redhead mouse ear pheomelanin Raman spectrum.
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5.4 Linear Absorption, Infrared, and SRS

  The optical properties of the various melanins were also compared using other optical

spectroscopy techniques to see if there were any identifying features to distinguish melanin and

clarify its optical properties.

  Linear absorption was carried out with a Shimadzu UV-1700 absorption spectrometer. The

samples were suspended in phosphate buffered saline and transferred to a cuvette. Limited by the

sample amount, only Sepia melanin and the human hair extracted eumelanin linear absorption

spectra were measured. As is typical of melanins, the linear absorption spectra were broad and

featureless (Figure 5.7).

Figure 5.7: Linear absorption of Sepia melanin and human hair extracted melanin. Sepia melanin
(black line) and human hair eumelanin (red line) spectra were normalized for comparison.
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  Infrared spectra were collected with a Jasco FT/IR-4700 spectrometer equipped with an ATR-

Pro One. The ATR is only applicable to powder samples, so spectra could only be obtained for

Sepia melanin and the human hair extracted melanin. The Sepia spectrum (Figure 5.8) is in close

agreement with previous studies that assigned the peaks to OH/NH stretching (3300 -3400 cm-1),

bending vibrations of aromatic C=C(1500 -1600 cm-1), and aliphatic CH groups (1300-1400 cm-

1) [43,44]. The human hair extracted spectrum (Figure 5.9) shows different spectral features

indicative of the presence of other proteins in the extracted sample.

Figure 5.8: Infrared spectrum of Sepia melanin. Three main peaks at 1363, 1574, and 3329 cm-1

are labeled.
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Figure 5.9: Infrared spectrum of human hair extracted melanin.

  Stimulated Raman scattering hyperspectral imaging was collected with the system described

previously in Chapter 3 [25]. The Stokes beam was 1064 nm, pump beam was scanned, and a

20x objective was used. Both beam intensities were 80 mW. The redhead mouse ear slides were

used for this measurement, as well as synthetic pheomelanin embedded in an agarose gel. The

hyperspectral scan covered a range from 1542 cm-1 to 2841 cm-1, including the wavenumbers

where Raman signal was observed in the Raman microspectroscopy measurements as well as the

range for CH stretch. Figure 5.10 shows a transmission image of the redhead mouse ear area of

scan.
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Figure 5.10: Transmission of redhead mouse ear slide. Melanin appears as black areas in
transmission images.

Figure 5.11: Comparison of SRS hyperspectral images of redhead mouse ear. Wavenumbers
from left to right: 1712 , 2109, 2841 cm-1.
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Figure 5.12 : Coarse SRS spectra of redhead mouse ear pheomelanin. Signals are averaged over
an area of melanin and error bars indicate standard deviation of signal within the area.

A few examples of SRS hyperspectral scan images of the redhead mouse ear slides are shown

in Figure 5.11. As can be seen, the SRS intensities did not vary much with the change of pump

beam wavelength. The spectral shape is plotted in Figure 5.12, and indeed there are no visible

peaks in this coarse spectrum at locations where we expect them. The 1542 cm-1 scan should be

on resonance with the measured Raman peak, however, the SRS signal is not particularly

enhanced.  The  2841 cm-1 scan shows higher intensities overall due to larger background

contributions from other tissue components with CH stretch frequencies. As such the SRS
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spectra of melanin does not have any identifiable features. The SRS spectrum for synthetic

pheomelanin is shown in Figure 5.13 and also does not have any identifiable features either.

The linear absorption spectra and infrared spectra of melanin both show broad features that are

consistent with previous studies and the heterogeneous structural composition of melanin. The

SRS spectra do not show any signatures for identifying melanin. The lack of features in the SRS

spectrum is attributed to the fact that the measured signal is dominated by electronic pump-probe

contributions. As will be shown in the next sections, the chosen excitation conditions give rise to

a strong pump-probe contribution through the process of excited state absorption.

Figure 5.13: SRS spectrum of synthetic pheomelanin.  Signals are averaged over an area of
melanin and error bars indicate standard deviation of signal within the area.
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5.5. Transient Absorption Spectroscopy

 Following the measurements of melanin with the previous techniques without finding any

significant distinguishing features, the melanin samples were studied with transient absorption

spectroscopy. This pump-probe technique will allow for probing nonlinear effects that may not

be observable with other linear spectroscopy techniques. In particular, these measurements will

reveal the electronic contributions to dual-pulse, pump-probe type measurements, of which SRS

is an example. The transient absorption technique is ideal for studying melanin as it can clearly

highlight the spectral and time dependence of electronic excitations in eumelanin and

pheomelanin. The transient absorption spectroscopy setup used consisted of a  80 MHz, 800 nm

Mai Tai Ti:sapphire oscillator femtosecond laser amplified by a Spitfire-ACE-120F amplifier

from Spectra-Physics (Newport Corp).  The Spitfire is pumped by an Empower Q-switched

Nd:YLF solid state and generates 1 kHz, 120 fs laser pulses. The beam from the Spitfire is then

fed into two TOPAS Prime optical parametric amplifiers for generating a wide range of

wavelengths. A Newport TAS system is used for the measurements, where the pump is

modulated with a chopper and a crystal is used to generate broadband white light probe. Melanin

samples were flowed through a quartz cuvette connected to a pump system to reduce sample

damage.  The power dependence of the TAS signal for Sepia melanin was measured as a

function of the 700 nm pump intensity and shown in Figure 5.14.  The linear dependence

indicates that the melanin chromophores are not driven to saturation in the experiments.
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Figure 5.14: Power dependence of Sepia TAS signal as a function of pump beam intensity.
Signal intensity for the near-infrared excited state absorption is linear up to 12 mW.

  The transient absorption for Sepia melanin was initially pumped at 700 nm and probed with a

CaF2 crystal generated white light probe. The measurement showed an excited state absorption at

810~815 nm probe wavelength. This is in agreement with previously published studies, where an

excited state absorption is reported for eumelanin at a 700 nm, 810 nm pump probe pair [45,46].

It was also observed that there is an excited state absorption at 850 nm probe wavelength. The

wavelengths of the excited state absorption do not shift with time.

The decay profiles of the two excited state absorptions at 815 nm and 850 nm are compared in

Figure 5.15. The decay for the 850 nm probe is faster than that of the 815 nm probe decay. They

can be fit with biexponential decays with lifetimes of 1.018 ps and 54.242 ps for 815 nm and
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1.183 ps and 41.170 ps for 850 nm. The decay lifetimes for the 700 nm pump, 815 nm probe are

on similar time scales as previously published studies [45], while the 850 nm excited state

absorption has not been explored before.

Figure 5.15: Decay profiles of Sepia melanin excited state absorption pumped by 700 nm. The
excited state absorption transition at 815 nm probe is in black, the 850 nm probe is in red. The
profiles are fit with biexponential decays with lifetimes: 1.018 ps and 54.242 ps for 815 nm and
1.183 ps and 41.170 ps for 850 nm.

Sepia melanin TAS measurements were also done with a 700 nm pump and YAG generated

near-infrared probe setting. The data are shown in Figure 5.16. This data  confirms the excited
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state absorption at 850 nm probe that was shown in the previous figure while also showing

excited state absorption around 900 nm.

Figure 5.16: Sepia melanin TAS with 700 nm pump and YAG generated probe.

The spectral dependence for the YAG generated probe configuration is plotted in Figure 5.17.

The spectra show excited state absorption with strongest signals approximately centered at 900

nm and 920 nm. The wavelengths of the excited state absorption do not shift much with time

evolution, but the relative strength of the 921 nm peak increases relative to the 897 nm one for

longer times, indicating a longer lifetime for that state. The decay profiles for the 850 nm, 897

nm, and 921 nm excited state absorption modes are shown in Figure 5.18. The biexponential fit
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for the 850 nm mode is similar to the previous, 0.694 ps and 54.923 ps. The biexponential fit for

897 nm is 0.263 ps and 59.877 ps, while that for 921 nm is 0.268 ps and 64.285 ps. The decay

lifetimes have similar magnitudes,with 921 nm slightly longer than 897 nm and 850 nm.

Figure 5.17: Sepia melanin TAS with 700 nm pump and YAG generated probe. The spectra
show excited state absorption in the 900 nm range with strongest signal centered at 897 nm and
921 nm. The wavelengths of the excited state absorption do not shift much with time evolution,
but the relative strength of the 921 nm peak increases relative to the 897 nm one for longer times.
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Figure 5.18: Decay profiles of Sepia melanin excited state absorption with 700 nm pump. The
excited state absorption for 850 nm probe is plotted in black, 897 nm probe in red, and 921 nm
probe in blue.

  To follow up with the observation of the excited state absorption in the near-infrared probe

range, the pump wavelength was varied to see how the transient absorption would change.

Different pump wavelengths of 600 nm, 800 nm, and 850 nm were used for pump probe

measurements of Sepia melanin. The excited state absorption is similar for these wavelengths, as

shown in Figure 5.19. The signal was very weak for 850 nm and not shown. The decay profiles
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for the peaks at 850 nm probe, 897 nm probe, and 921 nm probe are compared for the different

pump wavelengths in Figure 5.20.

Figure 5.19: Spectral dependence of Sepia melanin TAS for various pump wavelengths. 600 nm
pump wavelength (black), 700 nm pump (red), and 800 nm pump (blue) all show similar excited
state absorption peaks at delay time of 1 ps.
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Figure 5.20: Decay profiles for Sepia melanin excited state absorption at various pump
wavelengths. 850 nm probe (top), 897 nm probe (middle), 921 nm probe (bottom). 600 nm pump
(black), 700 nm pump (red), 800 nm pump (blue).
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The excited state transitions in the ranges of 850 nm. 900 nm, and 920 nm probe have not been

reported elsewhere previously. These transitions occur for both 600 and 700 nm of pump,

whereas it declines for 800 and 850 nm of pump, which is predicted to be close to the crossover

wavelength where the transition no longer is probed by the wavelength combination. As the

range of pump wavelengths all generate an exited state transition at the same probe wavelength,

it can be concluded that there exists a fast internal conversion of the initial pump driven state to a

common state from where the probe beam interacts with the molecule.

  Similar TAS measurements were made for synthetic pheomelanin at 700 nm and 850 nm pump.

The signal was weaker and could not be observed at 850 nm, while that at 700 nm is shown in

Figure 5.21. The features are similar to that of Sepia melanin except for one excited state

absorption peak shifting from 897 nm to 888 nm.

Figure 5.21: Spectral dependence of synthetic pheomelanin TAS signal at 700 nm pump and 1 ps
delay time.
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5.6 Time-resolved fluorescence spectroscopy

 Time resolved fluorescence spectroscopy was performed on the Sepia melanin sample using the

same Mai Tai femtosecond laser as the transient absorption spectroscopy system. The TRFL

system from Newport is equipped with time-correlated single photon counting for measurement

up to 13 ns with 100 ps resolution. The excitation at 780 nm induces a two photon fluorescence

in Sepia melanin in the 500 to 600 nm range. The spectral dependence of the time-resolved

fluorescence is shown in Figure 5.22. The two-photon excited emission spectrum is broad and

featureless.

Figure 5.22: Spectral dependence of Sepia melanin time-resolved two photon fluorescence.
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 The time profiles for the two photon fluorescence at 550 nm and 630 nm are shown in Figure

5.23. The exponential decay can be fit with 0.317 ps and 0.44 ps, respectively. These lifetimes

have the same magnitude as the shorter lifetimes fit for the transient absorption spectra. This

confirms that the emitting excited states in melanin have relatively short lifetimes.

5.7. Conclusions

The optical properties of melanin were probed with various techniques, both linear and

nonlinear. Generally the spectral features of melanin were quite broad, which can be expected as

it is a highly heterogeneous molecule. Lifetimes of melanin included very short lifetimes less

than 1 ps as well as lifetimes on the 40~60 ps range. The observation of excited state absorption

in the 850 to 920 nm range has not been reported before, and provides some insight into optical

pathways in melanin.
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a

b

Figure 5.23: Sepia melanin two photon fluorescence time profiles. a) 550 nm decay profile,
exponential fit with 0.317 ps. b) 635 nm decay profile, exponential fit with 0.44 ps.
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Chapter 6: Conclusion

Coherent nonlinear optical microscopy is a rapidly developing field with large potentialfor application to biological imaging and detection. Nonlinear optical techniques share theadvantages of high speed and resolution, three-dimensional focusing, minimal sampledamage, and label free chemical selectivity. In addition, each modality has its own qualitiesthat make it suitable for different applications. For example, sum frequency generation hasa non-centrosymmetry requirement that gives it an advantage in studying interfaces andfiber structures, stimulated Raman scattering has a direct proportionality to the imaginarypart of the susceptibility that enables it to reproduce spontaneous Raman spectra, andpump probe transient absorption has the capability of probing electronic modes withmultiple degrees of freedom.  The work presented in this thesis ranges from improving thenonlinear optical microscope setup, advancing understanding of phase effects on nonlinearmicroscopy measurements, to applications of different nonlinear spectroscopy andmicroscopy techniques to studying the optical and chemical properties of biologicalmolecules. The optical design of achromatic lenses for sum frequency generation exploresand demonstrates the feasibility of improving the technique through custom infraredlenses. The position dependent phase shift modeling for stimulated Raman scatteringillustrates the effects on the spectra that can be present in different nonlinear opticalmicroscopy measurement configurations and provides a method for analysis of theseeffects. The vibrationally-resonant sum frequency generation microscopy study of collagenshows the applicability of the VR-SFG microscope to clarifying collagen second ordernonlinear susceptibility tensor terms that can not be determined with other techniques.Finally, the application of multiple optical techniques, including transient absorption
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spectroscopy, to the study of melanin shows how these techniques can complement eachother in providing different pieces of information on the whole picture of melaninmolecular properties. The work in this dissertation shows the broad range of applicationsfor nonlinear optical spectroscopy and microscopy, as well as the future potential forimproving these techniques to provide even better performance.
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	  Melanins are a broad group of pigments that are abundant in many organisms. They are produced by melanocyte cells in ~1 micron sized organelles called melanosomes. For humans, they exist in large quantities in skin, hair, and the retina. Melanosomes can be separated into two major classes: the brown-black eumelanin and the red pheomelanin. Melanin is able to effectively absorb light, dissipating over 99.9% of absorbed UV radiation[34]. It has been shown however that while eumelanin generally acts as a anti-oxidant photoprotecter, pheomelanin may become a photosensitizer after undergoing photodamage[35,36]. This may have implications for the cause of melanoma, currently the cause of 75% of deaths related to skin cancer, and as such it is vitally important to understand the optical processes in melanin[37].
	  There has been a dilemma to understanding the structure and optical properties of melanin. Melanin is a large heterogeneous polymer compound where the cross-linking and composition of the melanin varies for different cells and species.  It is known that the basic structural units of eumelanin are 5,6-dihydroxyindole and 5,6-dihydroxyindole-2-carboxylic acid, while the basic structural units of pheomelanin are benzothiazine and benzothiazole[38]. The basic structural units are shown in Figure 5.1 [39]. However, its heterogeneity has limited the amount of further information that traditional analytical methods have been able to glean about its structure and composition. For example, linear absorption of melanin generates a broad spectral response that is relatively featureless [40]. The chemical structure of a molecule is often used in predicting and interpreting its optical properties, while vice versa optical properties are often used to identify existing chemical structures. As both are presently unclear, there is no detailed description of the chemical structure of melanin and its optical properties.  This project aims to better understand the optical properties of melanin through application of various optical spectroscopy techniques.
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	Figure 5.1: Basic structural units of melanin. a) 5,6-dihydroxyindole-2-carboxylic acid  polymer in eumelanin. b) benzothiazine polymer in pheomelanin.
	5.2 Melanin Sample Preparation
	  Several sources of melanin were used in the study. Sepia officinalis melanin was purchased from Sigma Aldrich. Synthetic pheomelanin as well as redhead mouse ear samples were provided by Professor Conor Evans, Harvard Medical School. Bovine and porcine retinal epithelial pigment melanosomes, both normal and photobleached, were provided by Professor Tadeusz Sarna, Jagiellonian University, Poland. Human eumelanin was extracted from black human hair based on extraction methods previously published [41]. The enzyme based extraction is briefly outlined in Figure 5.2.
	
	Figure 5.2: Extraction procedure of human hair eumelanin.
	  Melanin samples, excluding the redhead mouse ear samples mounted on slides, were suspended in pH 7.4 phosphate buffered saline. Synthetic pheomelanin was prepared as 0.84 mg/mL. Sepia eumelanin and human hair eumelanin were prepared as 3.2 mg/mL, sonicated for 2 hours, then filtered with a 1000 μm filter (Millipore).
	5.3 Raman Microspectroscopy
	   Raman spectra of the melanin samples were compared to identify if eumelanin, pheomelanin, and photobleached melanin would have different signatures. Raman microspectroscopy was measured with a Renishaw InVia Raman microscope with a 2.2 mW 532 nm laser and 50x, 75 NA objective. Melanin samples were suspended in phosphate buffered saline and sandwiched between two glass slides. Measurements were scanned over an area of several melanosomes then averaged to reduce sample photodamage. Spectra are the averages of 20-50 measured raw spectra.
	   The measured spectra consistently showed broad features in the 1300 to 1600 cm-1 range, while there were no features visible elsewhere in the spectrum between 100 cm-1 to 3000 cm-1. The features in the 1300 to 1600 cm-1 range can likely be attributed to heterogeneous C=C stretching that leads to a semiconductor-like band structure [42].  The spectrum for pig retinal epithelial melanosomes is shown in Figure 5.3 and Sepia melanin in Figure 5.4. In comparison with the synthetic pheomelanin and redhead mouser ear pheomelanin spectra in Figures 5.5 and 5.6, the eumelanins’ second peak occurs at a slightly longer wavenumber. Although there are small differences, the overall spectral features are very similar, and the broad spectral features do not provide very much structural insight.
	
	Figure 5.3: Pig RPE eumelanin Raman spectrum.
	
	Figure 5.4: Sepia officinalis melanin Raman spectrum.
	Figure 5.5: Synthetic pheomelanin Raman spectrum.
	
	Figure 5.6: Redhead mouse ear pheomelanin Raman spectrum.
	5.4 Linear Absorption, Infrared, and SRS
	  The optical properties of the various melanins were also compared using other optical spectroscopy techniques to see if there were any identifying features to distinguish melanin and clarify its optical properties.
	  Linear absorption was carried out with a Shimadzu UV-1700 absorption spectrometer. The samples were suspended in phosphate buffered saline and transferred to a cuvette. Limited by the sample amount, only Sepia melanin and the human hair extracted eumelanin linear absorption spectra were measured. As is typical of melanins, the linear absorption spectra were broad and featureless (Figure 5.7).
	
	Figure 5.7: Linear absorption of Sepia melanin and human hair extracted melanin. Sepia melanin (black line) and human hair eumelanin (red line) spectra were normalized for comparison.
	  Infrared spectra were collected with a Jasco FT/IR-4700 spectrometer equipped with an ATR-Pro One. The ATR is only applicable to powder samples, so spectra could only be obtained for Sepia melanin and the human hair extracted melanin. The Sepia spectrum (Figure 5.8) is in close agreement with previous studies that assigned the peaks to OH/NH stretching (3300 -3400 cm-1), bending vibrations of aromatic C=C(1500 -1600 cm-1), and aliphatic CH groups (1300-1400 cm-1) [43,44]. The human hair extracted spectrum (Figure 5.9) shows different spectral features indicative of the presence of other proteins in the extracted sample.
	
	Figure 5.8: Infrared spectrum of Sepia melanin. Three main peaks at 1363, 1574, and 3329 cm-1 are labeled.
	
	Figure 5.9: Infrared spectrum of human hair extracted melanin.
	  Stimulated Raman scattering hyperspectral imaging was collected with the system described previously in Chapter 3 [25]. The Stokes beam was 1064 nm, pump beam was scanned, and a 20x objective was used. Both beam intensities were 80 mW. The redhead mouse ear slides were used for this measurement, as well as synthetic pheomelanin embedded in an agarose gel. The hyperspectral scan covered a range from 1542 cm-1 to 2841 cm-1, including the wavenumbers where Raman signal was observed in the Raman microspectroscopy measurements as well as the range for CH stretch. Figure 5.10 shows a transmission image of the redhead mouse ear area of scan.
	
	Figure 5.10: Transmission of redhead mouse ear slide. Melanin appears as black areas in transmission images.
	
	Figure 5.11: Comparison of SRS hyperspectral images of redhead mouse ear. Wavenumbers from left to right: 1712 , 2109, 2841 cm-1.
	
	Figure 5.12 : Coarse SRS spectra of redhead mouse ear pheomelanin. Signals are averaged over an area of melanin and error bars indicate standard deviation of signal within the area.
	  A few examples of SRS hyperspectral scan images of the redhead mouse ear slides are shown in Figure 5.11. As can be seen, the SRS intensities did not vary much with the change of pump beam wavelength. The spectral shape is plotted in Figure 5.12, and indeed there are no visible peaks in this coarse spectrum at locations where we expect them. The 1542 cm-1 scan should be on resonance with the measured Raman peak, however, the SRS signal is not particularly enhanced.  The  2841 cm-1 scan shows higher intensities overall due to larger background contributions from other tissue components with CH stretch frequencies.  As such the SRS spectra of melanin does not have any identifiable features. The SRS spectrum for synthetic pheomelanin is shown in Figure 5.13 and also does not have any identifiable features either.
	  The linear absorption spectra and infrared spectra of melanin both show broad features that are consistent with previous studies and the heterogeneous structural composition of melanin. The SRS spectra do not show any signatures for identifying melanin. The lack of features in the SRS spectrum is attributed to the fact that the measured signal is dominated by electronic pump-probe contributions. As will be shown in the next sections, the chosen excitation conditions give rise to a strong pump-probe contribution through the process of excited state absorption.
	
	Figure 5.13: SRS spectrum of synthetic pheomelanin.  Signals are averaged over an area of melanin and error bars indicate standard deviation of signal within the area.
	5.5. Transient Absorption Spectroscopy
	  Following the measurements of melanin with the previous techniques without finding any significant distinguishing features, the melanin samples were studied with transient absorption spectroscopy. This pump-probe technique will allow for probing nonlinear effects that may not be observable with other linear spectroscopy techniques. In particular, these measurements will reveal the electronic contributions to dual-pulse, pump-probe type measurements, of which SRS is an example. The transient absorption technique is ideal for studying melanin as it can clearly highlight the spectral and time dependence of electronic excitations in eumelanin and pheomelanin. The transient absorption spectroscopy setup used consisted of a  80 MHz, 800 nm Mai Tai Ti:sapphire oscillator femtosecond laser amplified by a Spitfire-ACE-120F amplifier from Spectra-Physics (Newport Corp).  The Spitfire is pumped by an Empower Q-switched Nd:YLF solid state and generates 1 kHz, 120 fs laser pulses. The beam from the Spitfire is then fed into two TOPAS Prime optical parametric amplifiers for generating a wide range of wavelengths. A Newport TAS system is used for the measurements, where the pump is modulated with a chopper and a crystal is used to generate broadband white light probe. Melanin samples were flowed through a quartz cuvette connected to a pump system to reduce sample damage.  The power dependence of the TAS signal for Sepia melanin was measured as a function of the 700 nm pump intensity and shown in Figure 5.14.  The linear dependence indicates that the melanin chromophores are not driven to saturation in the experiments.
	
	Figure 5.14: Power dependence of Sepia TAS signal as a function of pump beam intensity. Signal intensity for the near-infrared excited state absorption is linear up to 12 mW.
	  The transient absorption for Sepia melanin was initially pumped at 700 nm and probed with a CaF2 crystal generated white light probe. The measurement showed an excited state absorption at 810~815 nm probe wavelength. This is in agreement with previously published studies, where an excited state absorption is reported for eumelanin at a 700 nm, 810 nm pump probe pair [45,46].  It was also observed that there is an excited state absorption at 850 nm probe wavelength. The wavelengths of the excited state absorption do not shift with time.
	  The decay profiles of the two excited state absorptions at 815 nm and 850 nm are compared in Figure 5.15. The decay for the 850 nm probe is faster than that of the 815 nm probe decay. They can be fit with biexponential decays with lifetimes of 1.018 ps and 54.242 ps for 815 nm and 1.183 ps and 41.170 ps for 850 nm. The decay lifetimes for the 700 nm pump, 815 nm probe are on similar time scales as previously published studies [45], while the 850 nm excited state absorption has not been explored before.
	
	Figure 5.15: Decay profiles of Sepia melanin excited state absorption pumped by 700 nm. The excited state absorption transition at 815 nm probe is in black, the 850 nm probe is in red. The profiles are fit with biexponential decays with lifetimes: 1.018 ps and 54.242 ps for 815 nm and 1.183 ps and 41.170 ps for 850 nm.
	  Sepia melanin TAS measurements were also done with a 700 nm pump and YAG generated near-infrared probe setting. The data are shown in Figure 5.16. This data  confirms the excited state absorption at 850 nm probe that was shown in the previous figure while also showing excited state absorption around 900 nm.
	
	Figure 5.16: Sepia melanin TAS with 700 nm pump and YAG generated probe.
	  The spectral dependence for the YAG generated probe configuration is plotted in Figure 5.17. The spectra show excited state absorption with strongest signals approximately centered at 900 nm and 920 nm. The wavelengths of the excited state absorption do not shift much with time evolution, but the relative strength of the 921 nm peak increases relative to the 897 nm one for longer times, indicating a longer lifetime for that state. The decay profiles for the 850 nm, 897 nm, and 921 nm excited state absorption modes are shown in Figure 5.18. The biexponential fit for the 850 nm mode is similar to the previous, 0.694 ps and 54.923 ps. The biexponential fit for 897 nm is 0.263 ps and 59.877 ps, while that for 921 nm is 0.268 ps and 64.285 ps. The decay lifetimes have similar magnitudes,with 921 nm slightly longer than 897 nm and 850 nm.
	
	Figure 5.17: Sepia melanin TAS with 700 nm pump and YAG generated probe. The spectra show excited state absorption in the 900 nm range with strongest signal centered at 897 nm and 921 nm. The wavelengths of the excited state absorption do not shift much with time evolution, but the relative strength of the 921 nm peak increases relative to the 897 nm one for longer times.
	
	Figure 5.18: Decay profiles of Sepia melanin excited state absorption with 700 nm pump. The excited state absorption for 850 nm probe is plotted in black, 897 nm probe in red, and 921 nm probe in blue.
	  To follow up with the observation of the excited state absorption in the near-infrared probe range, the pump wavelength was varied to see how the transient absorption would change. Different pump wavelengths of 600 nm, 800 nm, and 850 nm were used for pump probe measurements of Sepia melanin. The excited state absorption is similar for these wavelengths, as shown in Figure 5.19. The signal was very weak for 850 nm and not shown. The decay profiles for the peaks at 850 nm probe, 897 nm probe, and 921 nm probe are compared for the different pump wavelengths in Figure 5.20.
	
	Figure 5.19: Spectral dependence of Sepia melanin TAS for various pump wavelengths. 600 nm pump wavelength (black), 700 nm pump (red), and 800 nm pump (blue) all show similar excited state absorption peaks at delay time of 1 ps.
	
	Figure 5.20: Decay profiles for Sepia melanin excited state absorption at various pump wavelengths. 850 nm probe (top), 897 nm probe (middle), 921 nm probe (bottom). 600 nm pump (black), 700 nm pump (red), 800 nm pump (blue).
	The excited state transitions in the ranges of 850 nm. 900 nm, and 920 nm probe have not been reported elsewhere previously. These transitions occur for both 600 and 700 nm of pump, whereas it declines for 800 and 850 nm of pump, which is predicted to be close to the crossover wavelength where the transition no longer is probed by the wavelength combination. As the range of pump wavelengths all generate an exited state transition at the same probe wavelength, it can be concluded that there exists a fast internal conversion of the initial pump driven state to a common state from where the probe beam interacts with the molecule.
	  Similar TAS measurements were made for synthetic pheomelanin at 700 nm and 850 nm pump. The signal was weaker and could not be observed at 850 nm, while that at 700 nm is shown in Figure 5.21. The features are similar to that of Sepia melanin except for one excited state absorption peak shifting from 897 nm to 888 nm.
	
	Figure 5.21: Spectral dependence of synthetic pheomelanin TAS signal at 700 nm pump and 1 ps delay time.
	  5.6 Time-resolved fluorescence spectroscopy
	  Time resolved fluorescence spectroscopy was performed on the Sepia melanin sample using the same Mai Tai femtosecond laser as the transient absorption spectroscopy system. The TRFL system from Newport is equipped with time-correlated single photon counting for measurement up to 13 ns with 100 ps resolution. The excitation at 780 nm induces a two photon fluorescence in Sepia melanin in the 500 to 600 nm range. The spectral dependence of the time-resolved fluorescence is shown in Figure 5.22. The two-photon excited emission spectrum is broad and featureless.
	
	Figure 5.22: Spectral dependence of Sepia melanin time-resolved two photon fluorescence.



