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Protein fibers are ubiquitous in nature, either as functional components of cells and tissues, or as
hallmarks of severe diseases. Examples include amyloid fibers in the brain of patients with
Alzheimer’s disease, or collagen fibers in the extracellular matrix of tissues - central design targets
for scaffolds in tissue engineering. Characterizing the structure and surface chemistry of protein
fibers is therefore vital, but notoriously challenging due to their complexity. In this work,
fundamental nonlinear optical properties of type I collagen fibers and amyloid structures from
insulin and B-lactoglobulin have been investigated and used for structural characterization. The
collagen fibers were characterized with vibrational sum-frequency scattering spectroscopy, in a
first demonstration of this technique for protein fiber investigations. Spectral features were shown
to be dependent on the scattering angle and the signals away from the phase-matched direction

were highly reproducible for samples with random fiber orientations. Furthermore, a scattering



angle of 22° exhibits surface specificity for the fibers when probed in the amide I region, which
was utilized to detect the initial effects of treatments with sodium dodecyl sulfate surfactants.
Information from such studies of the fiber surface structure may complement the information
gained from techniques with sensitivity for the overall structure, such as second-harmonic
generation (SHG). For the amyloid structures, the intrinsic linear and nonlinear optical properties
were investigated. In the amyloid state, B-lactoglobulin develops a weak fluorescence in the visible
regime, which could be identified by tracking the red-edge excitation shift (REES). The intrinsic
optical properties allowed imaging of amyloid spherulites from both proteins, with high contrast
especially for the nonlinear techniques, which included SHG and two-photon excitation
fluorescence (TPEF). By monitoring the total signal from insulin amyloid spherulites in two
separate detection channels while shifting the excitation wavelength, indications of the REES in
TPEF were observed for the first time. The nonlinear optical techniques and phenomena explored
in this work opens up for label-free detection and detailed structural investigations of protein fibers

in aqueous and biological 3D environments.
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Chapter 1. INTRODUCTION

Part of this chapter is adapted with permission from a previously published review article (P.K.
Johansson et al. Topics in Catalysis, Vol 61, Issue 9-11, pp 1101-1124, 2018,

DOI: 10.1007/s11244-018-0924-3). Copyright (2018) Springer Nature.

The structural integrity and mechanical properties of cells and tissues are to a large extent provided
by protein fibers, such as collagen fibers that are an essential part of the extracellular matrix.'> A
detailed understanding of the structure, interaction, orientation, conformation, and dynamics of
these fibers is key for the development of new and improved strategies in the fields of cell biology,
materials science, tissue engineering and regenerative medicine.* > Other fibrillar structures, such
as amyloids, are hallmarks for severe diseases like diabetes, Alzheimer's disease, and Parkinson's
disease.® 7 Insights into how the environment affects their formation and how the mature fibers
interact with their surrounding are essential for understanding disease development and could
guide the pursuit of new drugs and biomarkers for these severe conditions.®

The natural environment for protein fiber structures is three-dimensional and includes aqueous
solvents with a range of biomolecules. Therefore, analytical techniques capable to confirm the
presence, orientation, conformation, and interactions of chemical groups at the surface of the
fibers, as well as their overall structure, within this context is desired. For most techniques, there
are often limitations and great challenges when characterizing the structure and surface chemistry
of protein fibers. While X-ray photoelectron spectroscopy and time-of-flight secondary ion mass
spectrometry provide detailed chemical information with high surface specificity,”!? the
techniques typically require ultra-high vacuum and extensive sample preparation that may affect

the targeted structures and limit the type of systems that can be studied. Similar limitations apply
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to electron microscopies, which are excellent for high-resolution imaging, but without chemical
information. Quartz crystal microbalance with dissipation and surface plasmon resonance are
label-free techniques capable of real-time probing of biomolecular interactions on solid/liquid
interfaces,'*!” but also without chemical specificity. Infrared (IR) and Raman spectroscopies, on
the other hand, do provide chemical and some structural information;'® however, the interfacial
specificity is often poor or nonexistent. Furthermore, for samples in biological environments, IR
spectroscopy suffers from high probe light absorption, while the low cross-section for spontaneous
Raman scattering leads to weak signals overwhelmed by background and noise. The techniques
mentioned above, and many others, have provided important information crucial for the
understanding and development of protein fibers within certain contexts. However, additional
techniques with both chemical and interfacial specificity, capable of analyzing biomaterials in
aqueous 3D environments, are desired - something that can be realized with nonlinear optics.!*-2?
Nonlinear optics is a field that includes a wide range of approaches for non-invasive
characterization of materials with high-intensity lasers. Two-photon excitation fluorescence
(TPEF) is commonly used for high-quality imaging with low background, while coherent anti-
Stokes Raman scattering (CARS) as well as stimulated Raman scattering (SRS) can be performed
in microscopy mode and provide images with contrast for specific molecular vibrations.??> While
powerful, these techniques typically lack specificity for interfacial features and ordered structures,
which is one of the main strengths of second-harmonic generation (SHG) and sum-frequency
generation (SFG).2° The former is commonly used for label-free imaging of structures that exhibit
long-range ordering (i.e. directionality of the molecular groups) in complex biological samples,
while the latter is often employed in reflection-mode for vibrational spectroscopy of light-
accessible interfaces. SFG typically requires the use of two-dimensional surface models, which

has been and continues to be a very useful approach. However, it is not clear how accurately such
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models capture key characteristics, such as dynamics and interactions, of biomaterials normally
found in three-dimensional biological environments. For instance, the curvature of structures may
affect the packing, organization and dynamics of species at their surfaces. This can lead to
behaviors that would not be predicted based on the results from two-dimensional surface models.
Significant effects related to the curvature have been demonstrated for various structures, such as
small nanoparticles and liposomes.?*26

The origin of the interfacial specificity in SHG and SFG is that net ordering of the probed transition
dipole moments is required for strong responses, which normally precludes solvent molecules and
other isotropically distributed bulk species from contributing to the signal.!®?! However, when
structures in the bulk of the sample scatter the mixing light beams away from the phase-matched
direction, there will be a phase-shift across the scattering objects as well as a significant reduction
in the coherence length of the signal. A consequence from this is that scatterers that include ordered
species can produce signals detectable in the far field, even if they are isotropically arranged in the
sample or if the structures are centrosymmetric.?”>2® This opens up for spectroscopic analysis of
ordered structures and interfaces of biomaterials that scatter the incidence light in biological
environments. When applied in this mode, the techniques are called second-harmonic scattering
(SHS) and sum-frequency scattering (SFS) and they were first introduced in the late 1990s and
early 2000s, respectively.? 3% Specialized and expensive equipment as well as complex or non-
existent theoretical models have been prohibitive factors for the application of SHS and SFS to
samples of biological relevance. However, continuous efforts during the last decade have now
provided empirical results and a theoretical framework that make analyses of more complex
samples feasible. It is therefore one of the main aims of this work to explore and develop these
techniques for the characterization of the structures and interfaces of various biomaterials in

biological environments, in particular protein fibers.



1.1  NONLINEAR OPTICS

As mentioned above, nonlinear optics is a field that includes a broad range of techniques, which
all have a nonlinear response to the total electric field intensity in the sample. The response is

proportional to the square of the induced polarization as given by Eq. 1.1,

1o |P[? = |eg(YVE; + xPEE; + x®EEE+..)|" (1.1)
where I is the intensity of the response, P is the induced polarization, y™ is the susceptibility
factor for the n'™ order mixing, and E represents the electric fields of the incoming laser beams.
Normally, the susceptibility factors for multi-order induced polarization are very small, leading to
a dominating first-order linear response and only weak nonlinear effects. However, with strong
peak electric fields realized with short pulsing and focusing of the incoming high-intensity lasers,
the higher order terms start to contribute significantly to the induced polarization and detectable
signals from these processes may be produced. Some of the processes commonly of interest in
nonlinear optical spectroscopy are illustrated in Figure 1.1. In this work, SFG and SFS are of
particular interest and thus discussed in more detail below in a separate section. However, to give
a more complete introduction to the field of nonlinear optics, brief overviews of the other processes

are first provided.
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Figure 1.1. Diagrams of nonlinear optical processes.



1.1.1 Two-Photon Excitation Fluorescence and Second-Harmonic Generation

TPEF relies on simultaneous absorption of multiple photons by the same molecule. It usually
involves a virtual state as an intermediate step to the real excited state that is being probed. TPEF
is often performed in confocal scanning mode, where the short-pulsed excitation laser is focused
down to one spot, from which the majority of the signal is produced due to the high photon flux in
that spot. The quality of the image is given by the point spread function of the imaging system, for
which the axial spread is much lower in TPEF compared to the corresponding linear fluorescence
process.’! This is because the signal has a multi-power dependence on the incoming laser intensity,
leading to improved spatial resolution in the z-direction (depth-axis). As the excitation wavelength
often can be in the IR or near-IR region, the so called “biological window”, low absorption allows
quite long penetration depths in biological samples and high excitation light intensities may be
used while the risk for photo-induced sample damage or bleaching remains low - especially outside
the focal plane where there is insufficient photon flux for significant absorption. Also, since the
TPEF signal is at a wavelength shorter than the excitation wavelength, background and noise can
be relatively low. These features, together with high depth-resolution, make TPEF an increasingly

popular nonlinear optical tool for imaging of biological samples.*!-*¢

—— Excitation Pump
@, — TPEF:
—— SHG

2
=
= TPEF Channel | Filter
Optional
polarization ==--» zzdiza
optics
Excitation -~
Pump s & %
Frequency Sample

Figure 1.2. Overview of a setup for TPEF and SHG microscopy.
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All the virtues of TPEF outlined above are also true for SHG and a schematic of a setup for the
two techniques is provided in Figure 1.2. However, the techniques differ in some very important
ways.’”40 First, SHG is a parametric process and does not rely on absorption of photons; however,
resonant enhancement of the signal via transitions to real energy levels of the molecules can still
occur. Second, electronic relaxation can happen to a variety of vibrational states in TPEF and leads
to quite broad spectra, while the parametric SHG process instantaneously yields a signal at the
double frequency of the excitation laser light, leaving the system unperturbed. As a consequence,
the vibrational relaxation in the excited and ground states yields a Stokes shift in TPEF, which is
not the case for SHG. Third, while SHG is a coherent process and exhibits a range of selection
rules for the sample symmetry, the broad bandwidth and long lifetime of TPEF destroy the
coherence and thereby relax those selection rules. While these distinctions between SHG and
TPEF are somewhat related, the final point is particularly important, as it is the origin of the
interfacial specificity for coherent, even-ordered nonlinear optical processes. In accordance with
Eq. 1.2, the intensity of the SHG signals can be described by

2
Lspg & |Pspg|? = So(Xéf{)(;Ez) (L.2)

where E is the electric field of the incoming laser light and Xg{)(; is the susceptibility tensor for the

(2)

SHG process, which can be divided into 27 different tensor elements, y;;,, where the ijk goes over

all possible combinations of the lab coordinates x, y and z.3% %* In this notation, i represents the
electric field direction of the SHG signal, while j and k represent the electric field directions of the
two incoming laser photons in the mixing process. If one inverts the sample that is probed, it is
clear that one consequence is that all molecules would experience a flip in sign of all the electric
field components that mix in the process, including the electric field of the SHG signal. In other

words, a positive induced polarization should become negative under this operation, which
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requires )(S}G to flip its sign according to Eq. 1.2. However, if the sample is isotropic, the inversion

should yield a situation that is macroscopically indistinguishable from the starting point. Since

)(éil)(; is a macroscopic sample property, it should therefore not change. The only way )(S}G can

flip in sign and simultaneously keep its value is if it is zero for isotropic samples. A more physical
way of looking at this is that for each molecule with its dipole moment in a certain direction,
another molecule will exist within the coherence length that is positioned and/or orientated so that
it effectively cancels out the signal from the first in an isotropic sample. Such signal cancellation
requires the process to be coherent, which connects the phenomenon to the third point made earlier
with respect to the differences between TPEF and SHG. A more detailed discussion on the
selection rules for sample symmetries is included in the section about vibrational SFG
spectroscopy, which is broadly applicable also to SHG. As samples with inversion symmetry do
not yield SHG signals, it is an excellent method for label-free detection and/or imaging of non-
centrosymmetric structures that exhibit long-range ordering (and that are thus non-isotropic). One
example is collagen fiber networks in tissues and many publications that include high-contrast
SHG images are available in the scientific literature.’” *I** In addition to imaging, structural
analysis of the fibers is possible by relating the relative signal intensities for various polarization
directions of the incoming laser beams to the contribution of various SHG tensor elements for the
sample. This can identify the type of collagen in the sample and provide molecular level details,
such as the pitch angle (tilt relative the fiber axis) for the carbonyl group of the peptide unit or the

methylene groups in the side chains.* 4

1.1.2  Coherent anti-Stokes Raman Scattering and Stimulated Raman Scattering

While SHG and TPEF can provide images with high structural contrast, they typically do not

provide contrast with molecular specificity. However, CARS and SRS, two nonlinear vibrational
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spectroscopy methods, are commonly used for imaging with high sensitivity and can provide
chemical information with high spatial resolution. CARS is a coherent parametric 3"-order
process, in which one intense laser beam acts as pump and probe (called pump from here on),
while a second tunable laser acts as a Stokes beam that guides the molecules to select Raman active

vibrations.’*>3 The signal intensity is thus described by

3
Icars & |Pcars|® = |50()(éA)R5E1§Es)|2 (1.3)

where )(EZ)R ¢ 1s the nonlinear susceptibility factor for the CARS process, Ep is the electric field of

the pump beam, and Ej is the electric field of the Stokes beam. Being an odd-ordered process, the

flip in sign of the induced polarization for an inversed sample is already realized by the sign switch

for Ep and Ej, allowing ng)Rs to be non-zero even for isotropic samples. Therefore, CARS is not

surface or interface specific. A more physical way of looking at it is that the beating frequency
between the pump and Stokes beams ensures that the vibrational modes of the stimulated Raman
resonances oscillate so that the emitted CARS photons have the same phase regardless of
molecular orientation or position - analogous to how stimulated emission in a laser leads to a build-
up of photons with the same phase. Therefore, no cancellation of signals will occur, even if the
sample is isotropic. Ignoring possible contributions from resonant electronic transitions, the

nonlinear susceptibility factor is given by

e _ .0 A
Xcirs = Xng T 2q wq_(_(f)_i['q (1.4)

where )(1(\,33 is a nonresonant contribution, 44, I and w, are the amplitude, width and wavenumber

of the g Raman active vibrational mode, while = wp — wy is the difference frequency between
(3)

the pump and Stokes beams. .,y is a rank four tensor and the magnitude of 4, is dependent on

the total contribution of the tensor elements (y,;.q4) Of the molecular hyperpolarizabiliy (also a

rank four tensor) to the nonlinear susceptibility tensor elements probed with the chosen
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polarization combination. When the difference frequency equals the frequency of a Raman

transition, wy, a signal enhancement will occur at the CARS frequency,

Wcars = 2Wp — Ws (1.5)
where wp and wg are the frequencies of the pump and Stokes beams, respectively. The CARS
photons add up coherently in the far field, which yields a quadratic dependence on the number of

(3)

probed molecules. This feature, together with the nonresonant contribution to y ¢ as well as the

imaginary component of the resonant parts that yield phase-relations, leads to CARS line shapes
that typically differ from those in spontaneous Raman spectra. While this is not a problem in itself,
the nonresonant contribution makes spectroscopic interpretation more difficult and limits the
spectral contrast, in particular for the amide I and fingerprint regions. This is challenging to
circumvent in a reliable and robust way. However, one method is to utilize the nonresonant
background as a heterodyne amplification signal and post-process the data to retrieve the
imaginary part of the CARS signal via a time-domain Kramers-Kronig transform.>* 3 A setup for
this that includes a three-color excitation scheme with broad-band pump/Stokes beams and a
narrowband probe beam was previously reported.’® Despite the difficulties with nonresonant
backgrounds, CARS microscopy is commonly used for imaging of specific chemical groups in
biological samples and has provided much useful information. High-contrast imaging of myelin
fibers in brain tissue®® and the identification of lipids co-localized with fibrous amyloid plaques in

Alzheimer's diseased human brain tissue®’ are two examples.
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Figure 1.3. Overview of a setup for CARS and SRS microscopy.

Figure 1.3 includes the schematic of a setup for CARS, as well as another 3™-order coherent Raman
scattering process called SRS, where the frequency of the induced polarization matches either the
pump frequency or the Stokes frequency (sometimes called probe frequency). In the far field, the
produced SRS signal will interfere with and thereby modulate the intensity of the pump or Stokes
beams in accordance with,

Isgs = |E; + Eggs? (1.6)
where Eggs is the electric field of the SRS. For SRS signals with the same frequency as the pump
beam, E; denotes the pump electric field, Ep. In this case, the phase difference between the
interfering fields is -n/2, which leads to a signal loss at the pump frequency. This stimulated Raman

loss (SRL) is then dependent on Ep and the Stokes electric field E in the following way,

Isns = |Ep|? + |Ess|? — 2| ER||ES 1 Im{x (s (17)
If the SRS signals instead occur at the same frequency as the Stokes beam, E; denotes the Stokes
electric field, Eg. The phase difference between the interfering fields in this case is +m/2, which
leads to a signal gain at the Stokes frequency. The dependence of the stimulated Raman gain (SRG)

on Ep and E; is thereby described by
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Isng = |Es|* + |Esns|? + 21 EZ|| E§ | Im{xgps (1.8)
Normally, the pump and Stokes beams are much more intense than any nonresonant background

signals, which eliminates potential problems with interference between )(1(\,313 and the resonant

components of )(SQS. However, one problem with detection at these frequencies is laser intensity

noise. Such noise is mainly of low frequency, which means that a rapid modulation (>1 MHz) of
the non-detected beam’s intensity (or frequency, phase, wavelength, and polarization) will yield a
signal modulation of the other beam that can be identified and detected with a lock-in amplifier.
Such a detection scheme can reduce the noise of the system down to the shot noise level of the
detector. While the loss and gain signals have a quadratic dependence on both the incoming pump
and Stokes E-fields (which can be normalized away), the dependence on the molecular
concentration is linear. This together with the absence of nonresonant background signals mean
that, in contrast to CARS, the SRS line shape will be identical to conventional spontaneous Raman
spectra. SRS data can thus be fitted with regular Lorentzian functions and one can easily show that
the imaginary part of the resonant 3rd-order susceptibility in Eq. 1.4 (which also applies to SRS)
has a Lorentzian line shape. The doubly intensity dependence on the pump and probe beams
ensures that the signal is only produced from the focus spots of the lasers, which allows for optical
sectioning in 3D, just as in TPEF and SHG microscopy. The above virtues of the technique have
resulted in the number of SRS publications focused on imaging biological samples increase
rapidly, despite it being less than a decade since the first demonstration on such materials.*®%° An
important comment is that although the diagram of the SRS process in Figure 1.1 appears to be
parametric, it is actually not since less energetic photons at the Stokes frequency are produced at
the expense of the more energetic ones at the pump frequency, making the process dissipative. In

other words, energy in the form of excited molecular vibrations is deposited into the sample.
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Although local molecular ordering is not a requirement for CARS and SRS signal production, the
angle between the induced dipole moments and the mixing E-fields is still important for the ability
of the molecules to produce a signal. Therefore, it is theoretically possible to extract the local
average orientation for molecules with these techniques by using various polarization directions
for plane-polarized pump and Stokes beams.®!-*3 Techniques based on CARS and SRS are thus
growing increasingly popular for detailed molecular characterization of biomaterials. In recent
years, multiplex versions have been developed, combining a picosecond narrowband laser with a
femtosecond broadband laser. The narrowband laser ensures high spectral resolution, while the
broadband gives the bandwidth for multiplex acquisition and this allows rapid detection of spectra
enabling studies of dynamic processes in real time. Some technical difficulties with multiplex SRS,
associated with the lock-in-amplifier detection, have prompted further developments. For instance,
chirped femtosecond laser pulses where the well-controlled temporal delay between them

determines the beat-frequency have successfully been used for rapid hyperspectral SRS imaging.®

1.1.3  Sum-Frequency Generation

The first reports of vibrational SFG spectroscopy were published in 1987.55-67 1t is a 2"-order
process that exhibits similar selection rules as SHG, which means that isotropic samples typically
do not yield a signal. As molecules tend to order themselves and thereby yield sample anisotropy
at interfaces, SFG is considered interfacial sensitive. The technique utilizes one visible (or near
IR) laser beam at a fixed narrowband frequency and one tunable (narrowband or broadband) IR
laser beam. The pulsed and high-intensity beams need to be overlapped spatially and temporally
on the sample, from which the produced SFG signal intensity then is given by

@ g ?

Lspg o |Pspgl® = Eo0XsFrq E

WIR

(1.9)

Wyis
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(2)

where yp. is the effective susceptibility factor for SFG, while E,, ,  and E, . are the electric

IR
fields of the visible and IR laser beams respectively. Just as for SHG, ng)a is a tensor that can be
divided into 27 tensor elements.*® Vibrational SFG spectroscopy are traditionally performed in
both reflection mode and transmission mode, of which the former is the most common for surface
studies.®® ® For such experiments, the SFG-active vibrational modes can be probed at any interface
accessible by the visible and IR beams; for example solid/liquid, solid/air and liquid/air interfaces

in geometries illustrated in Figure 1.4.
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Figure 1.4. Overview of setups for SFG spectroscopy. a) Typical beam geometries for probing a
sample on a sample stage. b) SFG is capable to probe the solid/liquid, solid/air, and liquid/air

interface, if accessible by the mixing beams.
In SFG experiments, it is possible to control the polarization state of the SFG, visible, and IR
beams, and thereby probe only a subset of the 27 possible )(1(12,2 tensor elements (where 1 is the

direction of the SFG electric field, j is the direction of the visible electric field, and k is the direction
of the IR electric field). Using the notation of p-polarization for electric fields oscillating in the x-

z incidence plane, and s-polarization for electric fields oscillating in the perpendicular y-direction,
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there are eight possible settings with clean polarization states of the three mixing beams. The

corresponding effective susceptibilities, )(S%c, probed and the tensor elements, )(i(jzlz, they include

are outlined in Table 1.1, as well as the rules for the various tensor elements for a few common
interfacial symmetries. Observe that the achiral and chiral assignments assume that a sample
symmetry line is aligned with the plane of incidence.

Table 1.1. The tensor elements probed by the effective susceptibilities. Observe that the achiral

and chiral assignments assume that a sample symmetry line aligns with the incidence plane.

ijk of the non-vanishing y*) depending on the sample symmetr
@) ijkofprobed)((z) ) 8 Xiji. dep 4 ple sy y

Xeff ijk ; .
symmetry | achiral elements | chiral elements

Xz%)p )Z(f;’ Zxxz); )Z:;’ )zoz:Z( C, All tensor elements are nonvanishing and independent.

@) C, 777, ZXX, XZX, XXZ, YYZ, YZY, Zyy XZY, ZXY, XyZ, ZyX, YXZ, YZX
Xssp yyz, yyx

Cyy 777, ZXX XZX, XXZ, YYZ, YZY, ZYyy -

2

)(s(p)s yzy, yxy XXy = XyX = YXX = -yyy, XXZ = yyz XZY = -YZX, ZXy = -ZyX, XyZ = -yXZ

® Cs XYY =YXy = yyX = -XXX, XZX = yzy

Xpss zyy, Xyy ZXX = 7YY, 2ZZ
@ XYy = yXy = yyX = -XXX, XXZ = yyZ -
Xsss ¥y Csv XZX = yZy, ZXX = ZYY, ZZZ
X;i)s X2y, ZXY, 7Zy, XXy Cp: Coi Con 722, ZXX =ZYY, XZX = YZY,XXZ=YYZ  XZY = -YZX, ZXY = -ZyX, XyZ = -YXZ

. . 777, ZXX = ZyY, XZX = yZy, XXZ = YyZ -
X[()i; XyZ, ZyX, ZyZ, XyX C4"’7’ C61Ja Coov Yy yzy ¥y
D, N

2
Xsrp

XZy = -yZX, ZXy = -ZyX, XyZ = -yXZ
YXz, yzX, yzz, yXX

When molecules adsorb on an interface, they often do so with a preferred orientation relative to
the surface normal due to intermolecular forces, such as electrostatics, dipole-dipole interactions
and hydrogen bonds. However, such interactions do not normally lead to long-range net
directionality of the molecules within the x-y interfacial plane. In this case, the probed molecular
groups in a sample would exhibit azimuthal isotropy with an average tilt angle, 0, at the interface.
Such samples can be rotated by any angle around their z-axis (surface normal) without changing

the value of the tensor elements. This is called C,, symmetry, for which it is easy to show that

many of the )(1(12,2 tensor elements must be zero and the non-vanishing ones are the seven achiral

Xyzys )(SCL = )(g,)y, ;(;2, and the six chiral elements )((2) = 5@

elements 2 = y@ @ — @ & =12,

xxz X yyzs Xxzx
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2 2 2 2
Xy(cz)y = _X3(/z)xa nggl = _)éy)x‘

The six latter are the tensor elements with perpendicular directions
for all the electric fields of the mixing beams, for which only samples with intrinsically chiral
groups or chiral organizations of (coupled or uncoupled) achiral groups can have nonzero values.”
A surface without such chiral contributions will have vertical mirror symmetry, Cy,,,, in which case
only the first seven achiral elements can be nonzero. However, biomolecules - such as proteins -
often include chirality. The fact that it is possible to selectively probe the chiral vibrations with the
psp, spp, or pps polarization combinations, can facilitate the assignment of detected spectral
features and the structural analysis of such samples.”!”7* For instance, it has been shown that o-
helices in several proteins and peptides exhibit achiral but not chiral signals in the amide I region,
while B-sheets produce amide I signals in both the achiral and chiral polarization combinations. If
azimuthal isotropy (Cy, Cooy, OF Do ) 1 not part of the symmetry of the interface, or if the molecular
groups have a preferred twist angle at the interface, it can become possible for achiral molecular
hyperpolarizabilities to contribute to the chiral macroscopic nonlinear susceptibility tensor
elements. In such cases, macroscopic SFG chirality is not automatically synonymous to interfacial

molecular chirality.

As mentioned above, the SFG susceptibility is a macroscopic sample property. However, there is

()

a connection between y; ik and the microscopic hyperpolarizability, 5,5, of the vibrational modes

of the individual molecules in the sample. ;. is also a tensor with 27 tensor elements that scale
with the changes in polarizability, @, as well as the dipole moment, fi., along the normal mode

coordinate, Qg, for the g™ vibrational mode.

dagp dtic
She (1.10)
ﬁabc,q aQq aQq

This means that a vibrational mode must be both Raman and IR active in order to have a nonzero

Babc,q and exhibit signal enhancement in a vibrational SFG spectrum. It also means that the relative
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strengths of the hyperpolarizability tensor elements of a vibrational transition can be estimated by
quantum mechanical calculations of its change in polarizability and transition dipole moment.”

a,’%7 as the tensor elements of the

This is often helpful for the interpretation of SFG spectr
nonlinear susceptibility probed in an SFG experiment can be described as a linear combination of

Babc,q according to Eq. 1.11,

Xi(fzz,q = N Xapc{RiaRjbRke) Babe,g (1.11)

where N is the number density of the probed molecules, while (R;,R;, R.) are elements from the
average transformation matrices that rotate each S, 4 €lement in the molecular coordinate system

(x', y' and z') onto the i, j, and k coordinates of the lab coordinate system (x, y, and z). As the

@

probed effective susceptibility is a linear combination of the y; kq elements, which in turn are a

linear combination of B 4, the line shape of a vibrational SFG spectrum is dictated by the line
shape of the probed hyperpolarizabilities. When the SFG signal and the visible laser beam are far

off-resonance from electronic transitions, the line shape of 4, 4 is a Lorentzian curve with a real

and an imaginary component, plus a potential nonresonant background. The following function is

then used to fit the effective nonlinear susceptibility of an SFG spectrum,

A
Xsre = X * Za g (1.12)

_(A)IR_in

where )(1(\,213 is the nonresonant contribution, A, I, and w, are the amplitude, width and frequency

of the q' vibrational mode, and w is the frequency of the infrared beam. It can here be seen that
the chemical specificity of vibrational SFG spectroscopy arises from a signal enhancement when
the IR light matches a Raman and IR active vibrational mode with a net orientation at the interface.
It is also apparent that the resonant contributions are complex, which allows for interference

between neighboring peaks, or with the nonresonant signal.
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Rux! Rxy' Ryz' cosy —siny 0\ / cosf 0 sinf\ fcos¢ —sing 0
Ryx' Ryyr Ry, | = (sint/) cosy O) ( 0 1 0 )(sinq[) cos ¢ 0) (1.13)
R,y R,y Ryy 0 0 1/ \—sin@ 0 cos® 0 0 1
The matrices above include a rotation of y (twist angle) around the molecular z' axis, a rotation of
0 (tilt angle) towards the lab z coordinate, and a rotation of ¢ (azimuthal angle) around the lab z
coordinate. This represents the transformation from the molecular hyperpolarizability to the lab
coordinate system mentioned above and the appropriate matrix elements that go into Eq. 1.11 are
defined on the left-hand side. If we consider molecular groups with inherent C5,, symmetry, such
as methyl groups, adsorbed at an interface with isotropic azimuthal and twist angles (i.e. Co,
interfacial symmetry), the non-zero nonlinear susceptibility tensor elements for the asymmetric

stretches in the sample will depend on the molecular tilt as described in Egs. 1.14-1.16.%

2
§Z; = N[{cos 8) — (cos3 0)]B,/,',' (1.14)
@ =1, = Zl(cos? 8) — (cos 0)] B,y (1.15)
2 2 2 2 N
J(czzc = X3(12)3/ = ngzc = Xéy)y = ;(COSS 9>ﬁz'x'x' (116)

The effective susceptibilities probed by different polarization combinations include unique subsets

of these tensor elements, as shown in Table 1. For the case of CH3 vibrations, which is discussed

above, it is convenient to consider the signals defined by the effective susceptibilities )(5(2) and

x$2), for which the full expressions are

2 . 2
Xs(sz)) = Lyy,SFGLyy,Vistz,IR SIin ajg Xg(/y)z (1 . 17)
2 : 2
X.gp?s = Lyy,SFG Lzz,VisLyy,IR SIN Ay s X3(1z)y (1 1 8)
where L;; ; are the Fresnel factors for the respective beams and a; are the incidence (or reflection)

angles relative the surface normal, which is needed to get the z-components of the p-polarized IR

and visible beams via sinq; (cosa@; would be needed for x-components). Provided that the
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interfacial Fresnel coefficients can be estimated, it is thus possible to directly relate the ratios of
peaks obtained in ssp and sps polarization combinations with the corresponding ratio of two unique
tensor elements for the sample, which contain information about the tilt angle of the CH3 groups.’*-
8 Similar analyses have been performed for the secondary structures in proteins, such as enzymes
immobilized on surfaces.’% One thing to keep in mind is that the angle brackets in
Eqgs. 1.14 - 1.16 represent cosine averages of the angle distributions, which usually can be well
approximated with gaussian distribution functions. However, if the widths of these distributions
are broad, all average tilt angles converge to approximately the same ratio for the tensor elements.
This means that even small experimental uncertainties will yield inconclusive results, as a broad
range of average tilt angles will be in agreement with the data. This can be a problem for systems
where a range of orientations are already inherently included in the structure of interest, such as
large proteins with hundreds of peptide units and CHx groups in various directions. However, as

mentioned above, B4, 4 can be theoretically evaluated and recent developments in SFG theory

now allow such quantum mechanical calculations for proteins, based on their structure from
crystallography data or molecular dynamic simulations. This enables simulations of SFG spectra
in various polarization combinations as a function of the protein orientation. By converging the
line shapes from the simulation with the spectra obtained experimentally in various polarization
combinations, it is possible to get a detailed molecular level description of the sample corroborated
by SFG data.”> 78 7%- 89

One issue with traditional (homodyne) SFG is the inability to distinguish between orientations
rotated by 180°. As a consequence, there is always an ambiguity regarding the positive and
negative directions of the sample symmetry axis. However, one can conclusively determine the

direction of the probed molecular groups by performing phase-resolved (heterodyne) SFG.”®- 20-92
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The idea is to let the signals from the sample interfere with a time-delayed non-resonant signal

from a local oscillator. The resulting signal is described by

Ispg = |ELo + Eg|* = |ELol? + |Er|® + ERE[o + ExELo (1.19)

EREjo + ERELo & XspgALoe P+D) + xspgALoe ™ (P (1.20)
where A, is the amplitude of the local oscillator field E; ¢, xsr¢ is the SFG nonlinear susceptibility,
¢ is the phase difference between the resonant SFG field E; and E;, at zero time delay, while wt
represents an additional phase for E;, due to a delay of T between the two signals. The cross terms
on the right hand side of Eq. 1.19 represent the phase-sensitive SFG signal, which is enhanced by
a strong local oscillator signal. Inverse Fourier transformation of the SFG signal from the
frequency domain into the time domain separates the cross terms by +t and -1, respectively, which

allows selective filtering to isolate one of them. After Fourier transforming the chosen cross term

back to the frequency domain, the complex Xg?c can be retrieved by division through the

corresponding signal of a purely nonresonant spectrum (e.g. gold, quartz or GaAs), since Eyy often

can be considered a constant that just carries the information of E; . Retrieving the imaginary part
of the complex )(S,)G in this way is particularly useful for resolving the ambiguity for molecular

orientations in a sample, as the sign for each resonant peak is independent of the wavenumber and
directly informs about the positive and negative direction of the sample symmetry axis. However,
deducing the exact molecular orientations angles with precision still requires knowledge of the
molecular hyperpolarizability tensor elements and further analysis of the signal strengths and/or
line shapes in various polarization combinations.

In summary, SFG has high interfacial specificity and sensitivity, and provide detailed information
about samples due to the selection rules and phase-relations discussed above. It is an increasingly
popular tool for analysis of biomolecules at interfaces. The technique has been used to probe the

93-102

orientation and structure of proteins as well as protein fiber formation at interfaces,'>1% the
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phase transitions and vanishing asymmetries via flip-flopping in supported lipid bilayers,'’-1% the
surface chemistry of functionalized nanoparticles,!!% ! the orientation and hybridization of DNA

at interfaces,!'>!> the signatures of molecular substrates through living cells,!!6-!18

and many other
systems of biological relevance.!! 12° SFG has also been used for imaging, with similar virtues as
in SHG microscopy, but with contrast for specific chemistries.!?!- 22 Recently, a collinear
heterodyne setup capable of phase sensitive SFG microscopy was reported, which can be used to
characterize spatially heterogeneous surfaces and get local molecular orientations with relatively
high resolution.!?> However, SFG in reflection or transmission mode cannot readily probe
interfaces in three-dimensional environments that are isotropic on long scales. This is the case for
many types of biomaterials, for which signals may be produced via scattering processes instead.

This is the topic of the next and final section of this introduction into the theory and application of

nonlinear optics for interfacial and structural analysis.

1.1.4  Sum-Frequency Scattering

Both SHG and SFG can be performed in scattering mode, abbreviated SHS and SFS respectively,
which allows spectroscopic investigation of ordered regions and interfaces of scattering structures
in bulk environments. This can be done even for centrosymmetric structures that are isotropically
arranged, such as spherical particles in suspension for which there are numerous examples in the

scientific literature.?’3% 124149 Examples with SHS include monitoring of molecular adsorption

124, 135 125-127

onto gold nanoparticles and the molecular transport across liposome bilayers, while
examples for SFS include the orientation and state of water at hydrophobic interfaces.!*% 14! There
are two key principles that make these techniques possible for these types of samples. The first is
a phase-shift for the mixing beams across the scattering object due to a difference in path length

at angles away from the phase-matched direction, which ensures that signals from molecular

groups with opposite orientations on either side of the object will not completely cancel each other
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out in the far field. Figure 1.5 illustrates an example of this for spherical structures. The second
principle is that signals scattered at an angle away from the phase-matched direction have a
significantly reduced coherence length. This means that a higher concentration of isotropically
arranged scatterers is allowed before the average distance between them leads to signal
cancelation, as they start to contribute coherently to the signal. However, signal production still
requires local ordering of the probed vibrational modes within, or on the surface of, each scatterer.
This leads to a quadratic dependence on the number density of molecules that contribute coherently
to the signal from each scattering object. In contrast, there is a linear dependence on the
concentration of the scattering object, as the signal is the incoherent sum of their individual
contributions (up to the point where their average distance to each other falls below the coherence
length). Qualitatively, the connection between SHG and SHS is similar to the connection between
SFG and SFS. Therefore, only the latter case will be discussed below, as SFS is one of the key

techniques in this dissertation.

b) Scattering angle [deg]
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Figure 1.5. Illustration of SFS from a particle. a) With a colinear setup, the SFS signal is
produced thanks to a phase-shift across the particle diameter due to different traveling paths at

scattering angles >0°. b) A simulated scattering pattern with several maxima at angles away from

the phase-matched direction (0°).
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For the case where molecules on the surface of particles are probed, the tensor elements of the

effective susceptibility for SFS (for which the symbol Fs(g is used) will be a linear combination of
the effective susceptibilities for SFG on a corresponding planar interface with the molecules
oriented similarly relative to the surface normal.3% 4% 145 In other words, it is possible to use
equations similar to the ones for SFG to fit SFS spectra, with parameters representing the

corresponding physical quantities (see Egs. 1.9 and 1.12).

Isrs  |Pspsl? = |eoT Ay, Eorre (1.21)
2 _ r®@ A
Isrs = Ing + 2q wq_—w;_iyq (1.22)

A theoretical framework for calculating the expected SFS scattering patterns and relative signal
strengths of various polarization combinations has been developed for molecules on the surface of
arbitrarily shaped particles.!”® However, for clarity, the most common case of spherical particles
will be focused on here. For a particle with spherical symmetry, it is natural to define the tensor
elements of its effective susceptibility in terms of components perpendicular and parallel to the
particle surface. Different subsets of these tensor elements will be probed, depending on the
polarization combination in the experiment. With the polarization states defined as p for electric

fields within the incidence plane of the visible and IR beams and s for electric fields perpendicular

to this plane, the four non-zero achiral effective susceptibilities for spherical particles are 1“,52,,

r® @

ssp> ' sps

r®

and [;s.

They can be expressed as linear combinations of gamma-factors that depend

on the beam geometries in the following way, '+

@ o\ (6 6 6
Lppp = COS (E) cos (E - a) cos(E —a+ P +cos(8 — a+ B) cos (E - a) I,

+ cos(0 — a) cos (g —a+ ,8) I3 + cos(B) cos (g) I (1.23)

& = cos (g - a) T, (1.24)
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I = cos (g —a+ ,8) L, (1.25)
0
) = cos (5) r, (1.26)

where 0 and o are the angles for the detected SFS signal and the incidence IR laser beam relative
the phase-matched direction, while [ is the angle between the IR and visible laser beams. Various

combinations of the effective susceptibility tensor elements referenced to the particle geometry are

included in the gamma-factors, which are defined as [} = Fﬁ)l - F"(HZB - F"(f") - Fl(ﬁl?, [, = F"(Hzl),

I3 = F”(lzl?, and[3 =T l(ﬁ") These gamma-factors can conveniently be connected to the )(l.(jz,z elements

for a corresponding flat surface geometry using the following matrix representation:!+?

Fl 2F1 - 5F2 0 0 0 X1
FZ _ F2 2F1 0 0 X2
L=\ R o 2F 0 ||xs (1.27)
F4_ F2 0 0 2F1 X4-

2 2 2 .
where y; = Xi l) L xﬁ"i — xﬁ l)" - x(lz")", X2 = Xﬁﬁ, X3 = Xﬁﬂ, and x; = ngu)". The factors inside the

square matrix are form factor functions that connect the planar geometry to the spherical geometry

via the scattering vector norm, ¢, and the radius, R, of the particle!*?

. (sin(qR R
Fy = 2mi (S _ costan) (1.25)
_ . sin(gR) . cos(qR) __sin(qR)
Fy = 4mi (3 PR (qR)Z) (1.29)
- 7 . 0
q = Il = 2|k sin (3) (1.30)

where EO is the wave vector for a signal in the phase matched direction, while 6 and ¢ are the
scattering angle and scattering vector away from this direction.

Eqgs. 1.28-1.30 connect the effective susceptibilities probed in SFS experiments with the tensor
elements for the corresponding situation on a planar interface. As discussed in the previous section

about SFG, the y; elements in Eq. 1.27 can ultimately be described as linear combinations of the
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molecular hyperpolarizabilities, with factors that depend on the average molecular orientation
relative the surface normal. For the case where achiral molecules do not exhibit a preferred rotation
angle around their axis, while being arranged isotropically around the surface normal of the

structure they are adsorbed to, the y; factors above depend on the molecular tilt 6 as'#?

X1 5D—3 0 0 0\ /B:
Xz | _nNoso)[ 1—D 2 0 0|[B2
3| 2 1-D 0 2 0]\Bs (1.31)
Xa 1-D 0 0 2/ \B,

where N is the molecular number density and D is the ratio {(cos® 8)/(cos 8). The B-factors are
defined as By = Ber = B2 — Bs = Ba Bo = (Ba + Bige)/2. Bs = (Box + Bizy) /2, and B, =
(,86(521 + ,BC(E%) /2. From this, it becomes clear that if the relative strengths of the

hyperpolarizability tensor elements are known, SFS can be used to probe the average tilt of
molecules at the interfaces of spherical structures by measuring the relative strengths of the
effective susceptibilities in different polarization combinations.

While the model above is applicable for molecules adsorbed on the surface of spherical particles,
it is also possible to use SFS to investigate protein fibers. However, per definition, protein fibers
include repeating units that provide long-range ordering of molecular groups, not only at the
surface of the fibers but also in the bulk region of them. This means that SFS signals from protein
fibers will include contributions from the surface region as well as the interior of the fibers.
Complete separation of these is not possible, but it is likely possible to tune the detection scattering
angle to emphasize contributions from the surface region. The models for arbitrarily shaped
structures are dependent on precise knowledge about the geometry of the scatterers and assume
negligible difference in the refractive indices between the scatterer and the surrounding media.
This makes theoretical evaluation of angles with enhanced surface-specificity challenging for self-

assembled biological macrostructures, in particular if the sample is polydisperse and include a
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range of protein fiber diameters, persistence lengths, and orientations. However, SFS signals can
nevertheless be acquired and qualitative statements about the structures can be made. With further
developments, quantitative and detailed conclusions about protein fiber structures and interfaces,

as well as their interactions may become possible.

1.2 PROTEIN FIBERS

Protein fibers are ubiquitous in nature. As part of the cytoskeleton, they support the shape and
mechanical resistance of cells and play key roles for cell migration and signaling pathways. In the
extracellular environment, protein fibers are major components of the matrix that provide
structural integrity to tissues. In tissue engineering, the design of scaffolds that mimic these
structures is a main goal, as they are crucial for cell survival, proliferation, and differentiation in
regenerative medicine. Protein fibers also exist outside living organisms. Examples include hair
that include the fibrous protein keratin, and the 3-sheet rich protein assemblies of spider silk — both
of which have attracted considerable attention in materials science research due to their remarkable
mechanical properties, with strengths comparable to steel at a fraction of the density. In addition
to functional protein fibers, there are also numerous fibrous structures that are linked to severe
diseases. The most striking examples are amyloid fibers that arise from misfolding and aggregation
of a wide range of proteins. Assemblies of such fibers are hallmarks of several neurodegenerative
conditions, including Alzheimer’s disease and Parkinson’s disease.!>1-133

Due to their hierarchical structure in large supramolecular assemblies of biomacromolecules,
detailed studies of protein fiber structures and their interactions are notoriously challenging.

However, such information is imperative in order to understand their role in the contexts

mentioned above. Exploring new techniques capable of protein fiber characterization in their
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natural environments is therefore of great importance, as it may provide avenues that, for example,

lead to new insights for improved tissue engineering strategies or treatments of amyloid diseases.

1.2.1  Collagen Fibers

Collagens are the most abundant proteins in mammals and the main structural component of the
extracellular environment and connective tissues. At least 28 different types of collagen exist,
numbered in the order of discovery, and they can be divided into several families. The fiber
forming family include collagen types I, II, III, V, XI, XXIV, and XXVIIL.!>* Collagen fibers are
hierarchical super-structures (Figure 1.6) in the extracellular matrix (ECM) that provide support
for cells, and promote cell proliferation, migration, and cell survival, for example via activation of

focal-activated kinase proteins.

n\i o 21 Gly-X-Y triplet
N N (X often Pro, Y Often Hyp)
OH

Fibril '
50 - 300 nm

Fiber with D-pattern +«— 67 nm
Figure 1.6. Hierarchical structure of collagen fibers. On the primary level, there are Gly-X-Y
triplets that form left-handed a-helices, which bundle together to form a right-handed triple-

helical structure called tropocollagen. Tropocollagen is the building block for fibrils that make
up big fibers that exhibit a characteristic 67 nm D-period.

At the primary level, the collagen structure consists of repeating Gly-X-Y peptide triplets in long

a-chains, where X is often a proline, while Y is commonly a hydroxy-proline. As a result, the
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chains, which typically consist of >1000 peptide units, twist into left-handed helices. Three such
helices bundle together to form the right-handed triple-helical building block for collagen fibers
called tropocollagen, which is a unit 300 nm long and ~1.5 nm in diameter. Tight packing of the
triple-helices is realized by the small glycine residues at the center of the tropocollagen, which can
be either homo- or heterotrimers. Collagen types I, II and III represent >80 % of all collagen, of
which type I is the most abundant. It exists generally as a heterotrimer, with two oui(I) chains and
one a(I) chain, although homotrimers that include only the former have also been identified. All

the known collagen types and triple-helical assemblies are listed in Table 1.2.

Table 1.2. Collagen types and compositions. Collagens in the fiber forming

family are noted with an ‘f> superscript (except XXIV and XXVII).

Collagen type a-chains Composition
[ai(D)2 a2(1)]
If (11(1), (XZ(I) [(11(1)3]
g au(IT) [ou(11D)s]
mr' ou(II1) [o(ID)3]
v O“(II\\’,)’ O‘Z(II\\//)’ 0‘3(11\\’/)’ [a3£?$513351$3(22%v>]
V), as(1V), as(1V) [ats(IV)2 os(IV)]
[ou(V)202(V)]
4 a1(V), a2(V), as(V), ou(V) [a1(V)3]
[otu(V)204(V)]
VI a1(VI), aa(VI), as(VID), [ai (VD) a2 VD) as(VD)]
ou(VI), as(VI), as(VI) [a1 (VD) a2 V]) ax(VD)]
VII ou(VID) [au(VID)s]
[a1(VIID), a( VIID)]
VIII ou(VIID), ax(VIID) [ou(VIIT) oa(VIID)]
[ou(VID)3]
[ou(IX) 0(IX) as(1X)]
IX ou(IX), 0a(IX), as(IX) [ (X01]
X o(X) [0 (X)s]
[ou(IX) o(IX) as(1X)]
Xt ou(XI), ax(XT), os(XT) [1(1X) o (V) 0s(1X)]
XII to XX VIII ou(XII to XX VIII) All homotrimers
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Due to its high abundance and ease of extraction from readily available sources, type I collagen is
commonly used in scientific research. The two main extraction methods are pepsin extraction and
acid extraction. The former leads to solubilized atelocollagen, while the latter solubilizes collagen
but preserves the integrity of the telopeptides. Both varieties lead to well-ordered fibers when self-
assembled in vitro and their inherent fiber structure seems only moderately influenced by the
telopeptides, as the triple-helical part of the tropocollagen is the main determinant for the self-
assembly. However, collagen with intact telopeptides self-assembles faster in vitro and the
resulting fiber network has enhanced mechanical properties, when compared to atelocollagen. It is
yet an open question exactly how the telopeptides facilitate the fiber formation, but studies have
demonstrated enhanced transient collagen-interactions and it is hypothesized that the C-terminal
of the telopeptides interacts with the matrix metalloprotease binding region. In vivo, the
contribution of telopeptides to enhanced mechanical properties, such as increased tensile strength,
is more obvious as they form cross-links that significantly stabilize the organization and yield
cooperative strength of collagen fibers connected in networks.!> There are many parameters in
addition to the telopeptides that influence not just the rate of formation, but also the fiber structure.
The temperature, collagen concentration, pH, phosphate level, ionic strength, flow of the solution,
are some examples.!>%158 Therefore, it is important to strictly adhere to the same protocol in order
to reproduce the properties of the fibers. When highly ordered fibers are achieved, the
tropocollagens pack together side-by-side, typically yielding a fiber diameter of about 50 — 300 nm
and the total fiber length and persistence length can be considerable (many micrometers). When
the tropocollagens assemble with a 67 nm displacement relative one another, a characteristic
pattern referred to as D-periods is observed in high-resolution imaging. Alterations to this pattern
can be used for qualitative assessment of fiber structures. For detailed analysis of the inner

structure of collagen fibers in biological samples, techniques based on nonlinear optics have been
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applied, while X-ray diffraction (XRD) has been used to investigate engineered collagen-like
peptides. Information gained from this includes average pitch angles (tilt relative the fiber axis)
for the carbonyls in the peptide units and the methylene groups of the side-chains. For collagen I-
like heterotrimers, the XRD data gave 46.3° for the peptide and 97.5° + 43.9° for the methylene
pitch angles. From SHG polarization analyses of type I collagen fibers in rat tail tendons, the
retrieved pitch angles were 45.8° £ 0.5° and 94.8° £+ 1.0°, which is in good agreement with the
XRD results.* Corresponding analyses were also made for collagen II-like homotrimers (pitch
angles of 44.8° and 109.0° from XRD) and type II collagen fibers in rat trachea cartilage (pitch
angles of 45.7° £ 1.2° and 97.8° £ 1.8° from SHG). While the quantitative difference for these
angles seem small between type I and II collagen fibers, they actually translate into significantly
different values for the average SHG tensor element ratios y,,,/Xzxx (1.51 for type I and 1.26 for
type 1) and Yyxz/Xzxx (0.62 for type I and 0.39 for type II). Not only does this allow specific
detection of collagen fibers of different types in nonlinear microscopy of tissues, but it also
confirms the sensitivity of nonlinear optics for studies of the detailed molecular structure of
collagen fibers. For this reason, sum-frequency scattering (SFS) has been explored for collagen
fiber analysis in this work, and the results are presented in Chapters 3 and 4. The scattering mode
provides an additional level of structural sensitivity as distinct regions of the fibers may be probed
at specific angles, while the signal enhancement for ordered IR and Raman active vibrational gives
direct chemical specificity. This is in contrast to the SHG approach, for which the chemical
specificity relies on a theoretical model that yields distinct polarization dependencies for the tensor

elements that contribute to the signal.
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1.2.2  Amyloid Fibers and Spherulites
Under mild denaturation, many proteins misfold and aggregate into amyloid structures. In fact,
this property has been proposed as a generic feature of polypeptides, provided that the right
conditions for the aggregation can be found. The detailed structure of amyloid fibers depends on
the source protein and preparation method, but the structures generally include packing of f3-
strands into sheets that extend long distances along the fiber axis. Normal fiber dimensions are a
diameter of 5 to 20 nanometers and persistence lengths up to several micrometers, but it varies
considerably. Due to their connection to severe diseases and their material properties, the interest
for amyloid structures have been substantial within the biomedical and materials science
communities.

Table 1.3. A selection of amyloid related diseases and the associated proteins. Size refers to

the number of residues in the protein.

Disease Protein Size
Alzheimer’s disease Amyloid 40 or 42
Parkinson’s disease o-synuclein 142
Huntington’s disease Huntingtin 3144

Spongiform encephalopathies Prion protein 253
Senile systemic amyloidosis Transthyretin 127
Fibrinogen amyloidosis Fibrinogen a-chains 27 to 81
Lysozyme amyloidosis Lysozyme mutants 130
Type 1l diabetes Amylin (hIAPP) 37
Amyotrophic lateral sclerosis Superoxide dismutase 1 153
Hemodialysis-related amyloidosis B2-microglobulin 99

About 50 diseases are associated with protein misfolding and formation of insoluble aggregates,
most notably amyloid fibers.!> Included in these disorders are type II diabetes, Parkinson’s disease

and Alzheimer’s disease (AD). AD is a neurodegenerative condition responsible for over 70 % of
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dementia, which afflicts over 46 million people worldwide and the accumulated costs related to
healthcare for the patients exceed $800 billion annually. The amyloid hypothesis for AD states
that the disease is caused by the accumulation of amyloid B (AP) proteins that misfold and
aggregate into fibrillar structures, forming amyloid plaques in the brain extracellular matrix
(ECM). It is generally believed that the early oligomeric stages of the amyloid fibers are the toxic
species, while the mature fibers are more inert. However, it has also been suggested that the build-
up of amyloid fibers into senile plaques is not the cause of AD, but instead a correlated process.
Regardless, the formation of amyloid plaques is a hallmark of AD that may provide insights into
the disease pathology, which could lead to new biomarkers and potentially a cure for the disease.
A selection of amyloid related conditions and the associated proteins are listed in Table 1.3.152 153
In addition to the pathophysiological relevance of amyloids in severe diseases, much research has
been focused at amyloid structures due to their chemical, mechanical, and optical properties.>* 3>
159161 As mature fibers are not cytotoxic and they can be made from cheap proteins not related to
any known degenerative condition, they have been considered as functional materials in
biomedical applications. For example, many amyloid fibers are resistant against proteases and
have therefore been suggested as delivery vehicles for ingestible drugs, securing the passage
through the stomach to the gut where they may be released.!®? Rigid amyloid fibers also tend to
have a Young’s modulus similar to silk and tensile strength comparable to steel, which make them
attractive as biological nanowires.!® This could be useful in e.g. bioelectronic applications, as the
nanowires may be coated with conductive polymers and used to interface biological systems with
electronic conductors.!®* 195 As amyloid fibers can be readily functionalized by supramolecular
coating or embedding of molecules in the structures while preparing them, they have also found

use in a range of nonbiological applications. For example, as a dispersing material of

phosphorescent molecules in white organic light emitting diodes (OLEDs), which enhances the
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external quantum efficiency by reducing energy back-transfer to the fluorescent polymer matrix,
while also providing a more favorable device morphology.!®® 167 Additional features that make
amyloid fibers interesting from a fundamental materials science point of view are intrinsic linear
and nonlinear optical properties that emerge in the amyloid state. This include intrinsic
fluorescence in the blue/green regime of the visible spectrum, as well as enhanced multiphoton
absorption with cross-sections comparable to those of good two-photon dyes.!®® Multiple
hypotheses have been proposed for the origin of these phenomena with no consensus yet. Through-
space dipolar coupling between excited states of aromatic amino acids densely packed in the fiber
structures has been proposed for the multiphoton absorption, as it seems dependent on the presence
of tyrosine in the protein. However, the intrinsic fluorescence can appear even without ring-
structures in the protein sequence and requires thus alternative explanations. The phenomenon may
be multifaceted and hypotheses include proton transfer, electron delocalization mediated through
hydrogen bonding, and quantum confinement of the peptides.!>% 161- 169170 Ag ome amyloid fibers
have been shown to intrinsically conduct electronic currents, mechanisms that allow charge
carriers to travel along the fibers are particularly intriguing, such as the electron delocalization
hypothesis.

Amyloid-forming proteins do not only assemble into individual fibers, but can also form large
structures called amyloid spherulites.!”!!'”8 The size of these spherical objects ranges from about
10 up to several 100s of micrometers, depending on the conditions during the aggregation process.
Amyloid spherulites typically include an amorphous core, which can vary in size from being
almost non-existent to a considerable fraction of the spherulite volume, from which -sheet-rich
amyloid fibers grow out radially. While the exact mechanism for the formation of these structures
has not been described in detail, they are likely formed through specific self-assembly pathways

of the source protein, rather than aggregation of mature amyloid fibers. Amyloid spherulites are



33

birefringent, which means that they can be imaged with cross-polarized optical microscopy
(Figure 1.7). The alignment of the amyloid fibers radially from the center of the spherulite yields
a characteristic Maltese cross pattern when viewed in this way, as fibers orientated parallel or
perpendicular to the electric field do not turn the polarization direction of the light. In amyloid
diseases, aggregates have been shown to exhibit features characteristic of spherulites.!”®- 8 One
of the more striking examples is the aforementioned Maltese cross pattern that sometimes appears
in cross-polarized microscopy of senile plaques in the brain tissue of AD patients. This is an
indication that the amyloid deposits in AD are not random aggregates of preformed fibers, but
rather the assembly of proteins through specific pathways that may be related to the ones for

amyloid spherulites in vitro.
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Figure 1.7. Amyloid fibers and spherulites. a) Schematic structure of an amyloid fiber, with 3-

sheets along the fiber axis. The AFM image shows amyloid fibers from insulin adsorbed onto a
Si substrate. b) Schematic structure of amyloid spherulites. A cross-polarization microscope

image reveal the typical Maltese cross pattern for an amyloid spherulite formed from insulin.
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Studies of amyloid structures with coherent second-order optical techniques (i.e. SHG and SFG)
are surprisingly few, given the high inherent ordering of these fibrous structures that may be

formed from a variety of proteins with connections to many severe diseases. One contributing
reason to this may be the fact that the structures are rich in -sheets, which have relatively low

hyperpolarizabilities for the amide I groups due to their unfavorable symmetry with alternating

directions of the carbonyls. Nevertheless, a few studies have been focused at amyloid fibers from
B-lactoglobulin (B-LG) and human islet amyloid polypeptides (hIAPP). When amyloid fibers are
formed from B-LG at high concentrations (7.5 % w/v) the morphology and persistence length of
the fibers are more “worm-like” compared to when they are formed at lower concentrations (3.0 %
w/v), which yields longer and more ordered fibers.!% 1% By adsorbing B-LG fibers formed under

the two conditions onto mica and acquiring SFG data in reflection mode from the surface, it was

shown that these structural differences are correlated with the secondary structure of the fibers.
The long and ordered fibers had almost exclusively B-sheets, while the “worm-like” fibers
included more a-helices. The hIAPP fibers, which are related to type Il diabetes, have been studied
with SFG on the water/air interface in the presence of dipalmitoylphosphoglycerol (DPPG)
lipids.”!- 18! After establishing that a-helices lack chiral signals in the amide I region, but appears
in the N-H stretching region, it was demonstrated that 3-sheet rich hIAPP amyloid fibers grow at
the water-lipid interface via a transient a-helical stage with a peak maximum at about 3 h, for the
experimental conditions used.”! Additional SFG studies of amyloid fibers are warranted, to
elucidate further details regarding the dependence of secondary structure on the fiber forming

conditions and the existence of transient stages during amyloid growth. However, in this work, the

intrinsic linear and nonlinear optical properties (fluorescence, TPEF, and SHG) of amyloid

structures from insulin and B-LG have been investigated and the results are presented in Chapter 5.
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Chapter 2. MATERIALS AND METHODS

In this chapter, broad discussions regarding the materials, principles for sample preparation, and
overviews of the main analytical techniques applied for their characterization are provided. More

detailed descriptions of the specific experiments are then supplied within each chapter.

2.1  SAMPLE PREPARATION

In this work, type I collagen fibers and amyloid structures from insulin and B-lactoglobulin (8-LG)
have been investigated. They have all been prepared by self-assembly in vitro and the resulting

structures are dependent on the conditions under which they form, which is discussed below.

2.1.1  Type I Collagen Fiber Assembly

The specific structure and quality of fibers self-assembled from type I collagen depend heavily on
a range of factors, such as the pH, temperature, collagen concentration, ionic strength, phosphate
concentration, presence of specific ions, and flow of the solution.!>¢!38 It is tempting to think that
the hydrophobic effect is the main driving force for collagen self-assembly. However, there are
studies indicating that water-mediated hydrogen bonding between polar residues is more
important.!8? In contrast to when a protein folds into its tertiary structure and thereby hides
hydrophobic residues from the surrounding solvent, the assembly of collagen is not a three-
dimensional reorganization of residues but rather packing of many tropocollagen triple-helices
side by side. Therefore, while hydrophobic residues most likely come into contact when the fibers
form, the interior of the fibers is not likely to be much more hydrophobic than the fiber surface,
which may explain why driving forces other than the hydrophobic effect may dominate the
process. Type I collagen can be kept soluble at low pH and is often stored in 0.01 M HCl or 0.2 M

acetic acid solutions. By mixing with a buffer and adjusting the pH closer to the isoelectric point
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(pD) of the collagen, self-assembly may be initiated. A wide range of values have been claimed for
the pl of collagen, from 4.7 up to 9.3. The most commonly quoted values for the pl are close to 8
and it is probably more accurate to consider pH 7.0 to 8.5 an isoelectric zone. Within this region,
D-banded fibers may form, although the specific structure is likely sensitive to the exact pH value,
as well as the other aforementioned factors. It has been shown that fibers with homogeneous
morphology require the presence of phosphate, with optimal concentrations exceeding those
normally used in PBS 1x. However, too high concentrations can reduce the fiber formation rate,
and the optimal phosphate range seems to be about 20 — 30 mM. The collagen concentration also
affects the fiber quality and rate of formation. For type I collagen with preserved telopeptides,
lower concentrations favor ordered fibers and optimal levels have been suggested to be
<0.5 mg/mL. One reason for this could be that high concentrations rapidly lead to fibers with a
structure determined by kinetics rather than thermodynamics, while slower assembly from lower
concentrations allows reorganization to more energetically favorable structures that are highly
ordered. If so, it is likely that the corresponding optimal concentrations for pepsin digested
collagen (atelocollagen that lacks the rate-enhancing telopeptides) are somewhat higher, as the
formation rate is lower. Naturally, the rate of formation is also heavily dependent on the
temperature during the assembly. Below 10 °C, the rate is negligible, which is convenient as the
solutions can be kept on ice to prevent premature fiber formation during the preparation until
optimal conditions for the all parameters have been reached, at which point the temperature can
be raised. Highly ordered fibers form at 20 — 30 °C, but a higher yield and reproducibility may be
reached at temperatures closer to 37 °C. One final comment, is that before the temperature is raised
to initiate the fiber formation, it is a good idea to centrifuge the collagen mixture, to remove
potential aggregates that may have formed during the preparation, which could act as nucleation

sites for growth of amorphous collagen structures.
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2.1.2  Amyloid Structures from Insulin and [-lactoglobulin

While the ability to form amyloid structures has been suggested a generic property of polypeptides,
conditions for the formation of both fibers and spherulites have only been identified for a few
proteins. Two of them are insulin and B-LG. Insulin is famous for its importance in regulating
blood sugar levels by promoting uptake of glucose in liver, fat, and skeletal muscle cells. While
no disease has been identified as the cause of insulin amyloidosis, it is a rare complication at the
injection site for patients with diabetes, which may interfere with the dose-response and lead to
poor glycemic control. B-LG is a whey protein found in the milk of many mammals, however, not
humans. It is a lipocalin protein and may function as a modulator for hydrophobic ligand uptake,
such as cholesterol or vitamin D».

Both insulin and B-LG typically exist as multimers under physiological conditions. By reducing
the pH below 3, which is significantly under the pl of the proteins (5.3 for insulin and 5.2 for
B-LG),!83-185 the proteins dissociate into monomers and undergo conformational changes that

promote the formation of amyloid structures!'®¢

if mild denaturation is induced by heating the
solutions to ~70 °C for insulin and ~85 °C for B-LG. Other conditions that induce mild denaturation
may also lead to the formation of amyloid structures, but the ones given above are the most studied
and lead to amyloids at high rates and with high reproducibility. Additional parameters that affect
the process include protein concentration, ionic strength, and stirring. These factors can be tuned
so that either the formation of fibers or spherulites are favored. In general, spherulites may appear
if the solution is not stirred. For insulin, a protein concentration of about 5 mg/mL and inclusion
of NaCl in the solution (up to 25 mM with an optimal value of 5 mM) appears to promote

spherulite formation over free fibers. Optimal conditions have not been identified for B-LG,

however, the rate of spherulite growth (i.e. the kinetics of radii increase) is enhanced by higher
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concentrations (up to at least 30 mg/mL) and the preferred NaCl concentration is about 5 mM.
When forming amyloid structures from proteins, there is usually a lag phase of a few hours,
followed by a growth phase and finally a plateau. The kinetics depend on the parameters discussed
above, but the plateau is usually reached within a few days and the dynamics may be probed with
amyloid specific dyes, such as thioflavin T. However, the lag phase can be shortened and almost
completely bypassed by seeding the solution with preformed fibers or spherulites.!”® The fact that
seeding works also for spherulites indicates that they grow by the addition of monomers, rather
than aggregation of mature fibers, which shows that the spherulites are their own class of amyloid

structures.

2.2 MAIN TECHNIQUES

In an SFG experiment, the signal can either be considered in the time domain or the frequency
domain. In the time domain, the visible field instantaneously probe the free-induction decay
stimulated by the IR beam. Mathematically, this is represented by a product of the visible field
with a convolution of the IR field and the time-response function of the nonlinear susceptibility,
x@ (t). After transformation into the frequency domain, this translates to a product between the
IR field and y® for each frequency, which is then convoluted with the field for the visible laser.
In other words, unless the visible field is a §-function in the frequency domain, the line shapes of
the probed peaks will be broadened in an SFG experiment. How much the peaks are broadened
depends therefore on the pulse length, line shape, and temporal delay for the visible beam in the
time-domain.%® In general, the longer the visible pulse is and the bigger part of the free-induction
decay that it captures without distortion, the higher will the frequency resolution of the spectra be.

Sometimes, it may be desirable to capture the actual time-response function, y? (t), which is done
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in SFG free-induction decay experiments. However, this requires ultra-short pulses for both the

visible (for time-resolution) and IR fields (to avoid y @ (t) distortions in the free-induction decay).

2.2.1  Vibrational Sum-Frequency Generation with a Nd:YAG picosecond Laser

Tunable IR PMT: Photomultiplier tube
PS: Polarization stage PMT
.. A P A S A-‘Iz: Half'wave plate I l
Visible "2 17 S DS: Delay stage
532 DS F: Notch filter SFG Spectro
il E:I P: Polarizer -graph
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Nd:YAG
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nm |  Tunable IR I Sample F p

Figure 2.1. Schematic overview of the picosecond SFG system for experiments in reflection
mode. The typical pulse length of the visible is 30-32 ps, which allow high resolution SFG,
limited by the frequency bandwidth of the IR beam, and the spectrograph.

In this work, a picosecond Nd:YAG laser system was available for SFG experiments in sequential
scanning mode, and a schematic of the setup is provided in Figure 2.1. It was primarily used for
reflection experiments, for which a pre-designed sample stage was available. The pulse length of
the visible beam (532 nm, frequency doubled from the 1064 nm fundamental wavelength of the
Nd:YAG) was about 32 ps. This pulse length translates into a FWHM of about 0.5 ¢cm™!, assuming
a Gaussian beam profile. This means that broadening of peaks in the spectra will be negligible,
and the resolution is limited by the production of narrow-band IR pulses and the spectrograph
before the detector (about 4 to 6 cm™). The IR beam was generated by an OPG/OPA/DFG unit,
pumped by a 1064 nm beam and a frequency doubled beam at 532 nm from the Nd:YAG laser.
The temporal overlap was adjusted by a manual delay stage for the visible beam, for which the

power and polarization state was controlled with two half-wave plates on either side of a Glan-
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Laser polarizer. The polarization of the IR beam was controlled by a polarization stage, and the
SFG signal was filtered with a Glan-Laser polarizer as well as notch filters. Further filtering and
spectral narrowing were provided by a spectrograph, before the signals reached the photomultiplier
tube detector. In most experiments, the solid/liquid interface of a CaF, prism (sometimes modified
with a thin film) was probed and the incidence beams of the IR and visible were typically adjusted
to just under the critical angle for total internal reflection. While the signal intensity can be probed
in real time for a specific wavenumber with this instrument, capturing of full spectra is relatively

slow due to the 50 Hz repetition rate and sequential scanning mode.

2.2.2  Vibrational Sum-Frequency Scattering with a Ti:Al;O3 femtosecond Laser
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Figure 2.2. Schematic overview of the femtosecond SFS system for experiments in scattering
mode. The typical pulse length of the visible is ~2 ps, which broadens the signal and limits the
resolution. In the setup, the picosecond visible can either be achieved by etalon-filtering or by
pumping an SHBC coupled with an OPG/OPA for production of a tunable visible beam. The

latter approach requires a delay of the pump for the IR generation.
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For SFS experiments, a femtosecond Ti:Al,O3 laser system was used and a schematic is provided
in Figure 2.2. The short pulse length requires inclusion of a range of frequencies in order to not
break the transform limit and violate the Heisenberg uncertainty principle. As a consequence, the
FWHM of the beam is approximately 140 cm™!, which means that each pulse of the IR beam will
include a range of wavenumbers. This allows capturing of entire spectral regions in real-time, if
the detection scheme includes a spectrograph and an appropriate detector. In our setup, we used
an intensified charge coupled device (iCCD), which was typically operated at gain 90 and a gate
width of 40 ns or less. In order to minimize peak broadening, the visible/nIR beam was filtered
through an etalon, which produces a visible profile with a maximum followed by an exponential
decay in the time-domain. The approximate pulse length was about 2 ps, which gave a FWHM for
the visible/nIR of about 15 cm!. Just as for the picosecond system, the power and polarization of
the visible/nIR was controlled with half-wave plates on either side of a Glan-Laser polarizer. The
power and polarization of the broadband IR was controlled with a half-wave plate (optimized for
the amide I region) and two wire-grid polarizers, while the signal was filtered with premium edge-
pass filters and a Glan-Laser polarizer. Instead of filtering the visible/nIR with the etalon, a narrow-
band visible pulse could also be achieved via a second-harmonic bandwidth converter (SHBC,
Light Conversion) that subsequently pumps an OPG/OPA (TOPAS-400-WL, Light Conversion).
The resulting Gaussian-like beam is tunable in the region 480 — 2400 nm, with a pulse length
1 — 4 ps and typical FWHM of about 15 cm™!. Experiments with this beam requires a delay of the
pump for the generation of the broadband IR, however, no examples where this was used are
included in this dissertation, in part because it was observed that the stability of signals from
collagen fibers was lower with shorter wavelength, probably due to higher absorption. However,
further efforts may be warranted, since the SFS signal is highly dependent on the visible

wavelength (at least by ~1/2* due to the Raman scattering cross-section), which could allow lower
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powers for the visible. Another consideration for the visible produced via the SHBC and the etalon-
shaped visible/nIR is the meaning of optimal temporal delay. In general, slightly higher signals are
produced when the pulses arrive shortly after the IR beam, but the line shape and broadening of
peaks are also affected by this. If possible, it is optimal to gather many spectra at various (equally
spaced) temporal delays. If the sample and IR beam remain similar throughout the acquisitions,
then each position for the visible beam will interrogate the same free-induction decay in the time-
domain. Provided that the visible profiles for the various positions add up to a homogeneous and
long net pulse in the time-domain, the signal in the frequency domain should not suffer significant
broadening and potential problems with residual chirps of the IR and/or the visible/nIR should also
be mitigated.

Finally, the sample cell and collection of the SFS signal will be addressed. Two sample cells have
been used in this work: flat windows (CaF> on incidence side and SiO: on the signal side) with a
200 pm spacer, and hemicylindrical CaF; prisms with an 800 pum rubber gasket making space for
the sample. When working with a gel-like collagen fiber network, the flat window works for
acquisition at specific scattering angles, but it does not allow capturing of complete scattering
patterns, nor comparison of various polarization combinations. Two reasons for this is that the flat
windows refract the mixing beams and the short spacer forces the fiber network to be compressed
in the sample, which can induce long-range ordering of the fibers. Both these effects can distort
the scattering patterns and the signal strengths of various polarization combinations. However, the
longer spacer between the hemicylindrical prisms, that also do not have preferred escape directions
for the produced signals, circumvent these problems. The detection of scattering patterns can be
achieved by rotating a collecting lens around the focus point in the sample, where the beams are
mixing (Figure 2.3). Lenses with a short focal length are better at collimating the signal, which

can subsequently be directed more easily to the detector. Reducing the spread of angles probed
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can be achieved with apertures directly after the collecting lens and the signal strength should be
approximately quadratically dependent on the radius of the apertures. Collagen fibers exhibit
strong SFS responses, which allow acquisition of signals with a narrow angle spread (about £2.5°
or less). As it takes long times to acquire complete scattering patterns for any sample, angle-
multiplexing the signal in setups that utilize both the width and height of the iCCD detector chip
would be desirable. However, in such efforts, it would be very important to calibrate the angular
patterns against the sequential acquisition approach, which should be considered the “gold
standard”. Optimization of such detection schemes would be labor-intensive and has not been

explored in this work, but represents a potential outlook for future work within this area.
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Figure 2.3. The SFS sample stage. The IR (red) and visible/nIR (orange) are overlapped on the
sample in between two hemicylindrical lenses. The collection angle is defined by a lens mounted
to an arm, which is connected to a post secured with a goniometer centered beneath the sample

holder. An aperture mounted on the lens holder limits the spread of angles collected.
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223 Two-Photon Excitation Fluorescence and Second-Harmonic Generation with a

Nonlinear Optical Microscope

In this work, TPEF and SHG imaging were performed simultaneously with a two-photon
microscope (Olympus, FV1000 MPE BX61) pumped with a tunable nIR laser (Spectra-Physics
Mai Tai HP) with 80 MHz repetition rate and 100 fs pulse width. The broad emission profile of
the Ti:Al2O3 crystal in the laser allows tuning of the lasing wavelength between 690 nm to
1040 nm, with maximum power close to 800 nm. The instrument was equipped with filter cubes
that split the signal into two detection channels, in our case 420 - 460 nm and 495 - 540 nm. This
allowed SHG to be detected in the lower channel with an excitation wavelength, Aexc,

840 - 920 nm. For samples with significant TPEF, Acxc was 910 nm, to minimize TPEF in the SHG

channel. However, for samples with low TPEF, Aexc was 860 nm, as it gave stronger signals. The
PMT detectors captured the signals in the epi-direction, which means that the SHG signal had to
be back-scattered. A 25X/1.05 XL Plan water immersion objective was used and the images were
typically scanned at 100 ps/pixel, with pixel sizes <200 nm, so that maximum resolution for the
system always was achieved. In experiments, the risk for photodegradation always need to be
considered. However, since SHG is a parametric process and the samples in this work exhibited
low absorption at the wavelengths used, the excitation powers at the sample could be increased

significantly.
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Chapter 3. VIBRATIONAL SUM-FREQUENCY SCATTERING FOR
DETAILED STUDIES OF COLLAGEN FIBERS IN AQUEOUS
ENVIRONMENTS

This chapter is reprinted with permission from a previously published communication (P.K.
Johansson and P. Koelsch, J. Am. Chem. Soc., Vol 136, Issue 39, pp 13598-13601, 2014,

DOI: 10.1021/ja508190d). Copyright (2014) American Chemical Society.

3.1 SUMMARY

Protein fibers play a crucial role in many disease related phenomena and biological systems.
Structural analysis of fibrous proteins often requires labeling approaches or disruptive sample
preparation while lacking chemical specificity. Here we demonstrate that the technique of
vibrational sum-frequency scattering (SFS) provides a label-free pathway for chemical and
structural analysis of protein fibers in solution. By examining collagen, the most abundant protein
in mammals, we show that the SFS signal of fibers can be detected in the NH, CH stretching and
bending, and amide I regions. SFS spectra were found to depend on the scattering angle, implying
the possibility to selectively probe various features of the fibers. Fitting of the data and maximum
entropy method analysis revealed a different phase for side-chains and carbonyl contributions,
helping identifying these otherwise overlapping spectral peaks and providing the possibility to
perform orientational analysis. Our findings suggest that SFS opens up for greater understanding
of protein fibers in solution, which is important for e.g. designing scaffolds in tissue engineering

or developing cures for diseases associated with protein fibers.
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3.2  RESULTS AND DISCUSSION

3.2.1  Detection of Collagen Fibers with Second-Harmonic Generation Imaging and

Vibrational Sum-Frequency Scattering Spectroscopy

Protein fibers are a common motif in nature, often essential for the structural integrity of living
entities. Collagen fibers, for example, are a major component in the extracellular matrix of
connective tissue, while actin filaments are an important part of the intracellular cytoskeleton.
Amyloid fibers are associated with several severe diseases, such as Alzheimer's disease® and
diabetes mellitus;'®” hence, it is of great importance to perform detailed analysis of protein fibers,
especially in aqueous environments and with chemical and structural specificity. Electron

157, 188

microcopy and atomic force microscopy'®- 1Y have been used for studies of collagen fiber

191. 192 and nuclear magnetic resonance (NMR)'* have been

morphology. X-ray crystallography,
used for chemical and structural investigations of collagen-like fibers; however, these techniques
typically demand extensive sample preparation and high sample purity, while the analysis can get

complicated and requires additional computational efforts.

Figure 3.1. SHG image of collagen fibers recorded in back-scattering mode using a confocal
upright microscope with excitation wavelength 860 nm. The fibers exhibited intrinsic ordering

resulting in high contrast images and were evenly distributed throughout the sample.
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Optical imaging techniques such as those based on second harmonic generation (SHG, Figure 3.1),
are useful tools to visualize fibers in various environments,** however they also lack chemical
specificity. Optical spectroscopic techniques like FTIR and Raman do have chemical specificity,
but cannot differentiate between chemical species in the surrounding media and those within or on
the fibers, so only purified samples can be analyzed. Vibrational sum-frequency-generation (SFG),
in reflection or transmission geometries, has previously been used on collagen fibers,'* ! but
requires the fibrils to be attached to a substrate in an aligned fashion to produce a signal. To
overcome all these constraints, we are suggesting using sum-frequency scattering (SFS) for
studying protein fibers in solution. This technique is based on the same principles as SFG, but the
scattering process allows studies of ordered structures in solution. SFS was first demonstrated by
Roke et al.>* and has since been used for e.g. surface molecular orientation analyses on spherical

28,192 or spectroscopic detection of liposomes.!% 140 In our study, we used SFS to study

particles
collagen type I (PureCol™, Advanced Biomatrix Inc.) fibers. The collagen self-assembled in
phosphate buffered saline (150 mM NaCl, 10 mM phosphate) at pH 7.5 into gel-like fibrillar
networks (Figure 3.1). The sample preparation procedure has been described elsewhere.!>® After
fibrillation, the buffer was exchanged with D>0 to avoid extensive IR absorption from H>O in the
SFS experiments. A fs-pulsed laser system (Quantronix, Integra HE with ~110 fs pulses and
Palitra-FS) was used with less than 10 pJ per pulse at the sample stage for the IR and (etalon-
shaped) visible beams. The incidence angle between the IR and visible beams was 25°. The IR
beam was focused with a lens of 50 mm focal length on the sample to a 50 — 100 um beam
diameter depending on the wavelength. The visible beam was focused about 1 cm beyond the
sample cell with a lens of 150 mm focal length, giving a beam diameter of about 500 um at the

sample. The sample cell consisted of a quartz plate (Hellma, 106 QS with a 200 um spacer) and a

CaF; detachable window (CeNing Optics Co.) that faced the incoming IR and visible beams (see
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experimental set-up in Figure 3.2). The SFS signal was collected with a lens of 25 mm focal length
and detected with a spectrograph and intensified charge coupled device camera (iCCD, Princeton
Instruments, SpectraPro 23001 and Pi-Max 4). Each spectrum was a sum of accumulations with a
50 cm! IR step size, where each accumulation was normalized to the respective IR intensity,
accumulation time and IR profile. The latter was recovered from the third-harmonic signal
(difference frequency generation between two visible and one IR photon) from the CaF; window.

No further data treatment was performed. The scattering angle is defined as the angle between the

wave vector in forward direction, k_o), and the SFS wave vector k_o,), which is determined by the

scattering vector ¢ (Figure 3.2).
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Figure 3.2. Setup and first collagen SFS spectra. a) The experimental set-up. b) Wide SFS,,
spectra of collagen type I fibers in D>O collected at 0° (top/red) and 45° (bottom/blue)

respectively. Inset is an SFG spectra in reflection mode of a similar sample. sample.
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We recorded SFS spectra for collagen fibers by placing the collecting lens at scattering angles 0 =
0° and 6 = 45°. The polarization combination in the experiment was ssp (SFS s-polarized, Vis
s-polarized and IR p-polarized) where p denotes polarization in the incidence plane for the IR and
Vis beams, while s denotes polarization perpendicular to this plane. The spectra can be divided
into four main regions: 1400 - 1600 cm™!, with mainly C-Hx bends from side-chains; 1600 - 1700
cm-1, with the amide vibrations revealing the protein secondary structure; 2800 - 3000 cm™! with
C-Hy stretches; and 3200 - 3400 cm™!, with N-H stretches. The spectra at the various scattering
angles exhibit some major differences (Figure 3.2). The amide signal at about 1650 cm™ (typical
for a-helices) is much stronger at 0°, while the N-H features at about 3300 cm! are more clear at
45°. Also, the side-chain features at 1400 - 1600 cm™ are more pronounced and the C-Hy stretch
signals at 2800 - 3000 cm™! are narrower at 45°. Previous discussions for non-linear scattering from
spherical particles revealed that SFS signals at 6 = 0° are related to bulk contributions, while
signals at higher scattering angles originate from the surface of the particles.!”® A similar
mathematical framework for fibers will help us identifying relations between scattering angles and
regions probed within fibers in future studies. Another issue to consider is that chiral features may
have a scattering maximum in the forward direction, while achiral ones might be emphasized at a
certain scattering angle.!** Control SFG spectra were measured using a CaF» prism solid/liquid
interface with a ps-pulsed laser system (EKSPLA, Nd:YAG and OPA/OPG/DFG) and incident
angles of 60° and 62° relative to the surface normal for the IR and visible beams. The ppp
polarization combination was used to provide the strongest possible signal in reflection. The
spectra did not show any features from collagen, only O-H contributions from water at
3000 - 3700 cm™. The CaF; surface is probably unable to induce ordering to the collagen fibers.

This confirms that the spectra are SFS signals and not SFG from the sample cell interface.
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3.2.2  Analysis of Sum-Frequency Scattering Spectra

The SFS theory has been sorted out for spherical particles and to some extent for other shapes.!*

30,140 ywe use familiar

146,150 Ag has previously been done for SFS spectra from spherical particles,

expressions for SFG® to qualitatively analyze the data from the collagen fibers. The SFS signal
p q y y g

intensity is then described by

2

Lps = |T®-E, -E, (3.1)
IR

Wyis
where E, . and E,,  are the electric fields of the Vis and IR beams, respectively, and '@ is the

effective susceptibility for the material under study. I'® is a material property that can be divided
into a potential non-resonant part and a sum of resonant parts:

Ak
a)IR—a)k—iYk

r® =r% 4y, (3.2)

with w;p and w), being the wavenumbers of the IR and the k™ vibrational mode respectively. Y}, is
a damping factor and Ay is the amplitude for the k™ IR and Raman active vibration. The primary
structure of fibrillar collagen is Gly-X-Y, where X often is a proline (Pro) and Y is commonly a
hydroxyproline (Hyp). The high abundance of Pro and Hyp in the structure makes the peptide
chains fold into left-handed a-helices. Three such helices twine together to form a 300 nm long
right-handed triple-helix called tropocollagen, which is the building block for larger fibers.!*7- 198
The tight packing at the center of the three helices is realized by the smallest amino acid glycine
(Gly) in every third residue in the primary structure. IR spectroscopy studies of synthesized
collagen-related peptides (poly-glycine, poly-proline and poly-tripeptides),'®” and combined FT-
IR and molecular dynamic simulations?’® have shown that the high abundance of Gly, Pro and Hyp
in collagen makes it possible to divide the amide I region into three contributions. This has been

used in previous SFG-studies and we utilize this scenario in our analysis of the spectra at 1400-

1775 cm!, which were fitted with Eq. 3.2. We split up the amide I region into three different peaks
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at 1623 cm™!, 1654 cm™ and 1667 cm™!, assigned to Pro, Gly, and Hyp, respectively. The side-

chain peaks were found at 1454 - 1490 cm™ and 1595 cm-!. Figure 3.3 shows the fits and peak
amplitudes in the amide I region for the two spectra. Gly has the strongest contribution to the amide
I signal for both spectra, which is reasonable as it is the main residue in collagen and it agrees with
earlier IR spectroscopy studies.!*® 20 The overall peak amplitudes for the amide I vibrations are
lower at 45°, with Pro constituting the major difference. The less significant signal decrease for
Gly and Hyp may be related to the fact that Gly is buried inside the triple-helical tropocollagen
and Hyp can H-bond with the surrounding environment with its extra hydroxyl group, making

these residues potentially more stable in their conformation throughout the collagen fiber structure.
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Figure 3.3. Fits of SFS amide I spectra. a) Fits from equation 3.2 of the spectra at 0° (top/red)
and 45° (bottom/blue). The grey lines are the raw spectra. b) A simplified overview of the Gly-
X-Y primary structure of collagen type I, where X is often a Pro and Y is often a Hyp. c¢) Bar
plot of the positions, amplitudes and assignments for the peaks in the amide I region. Gly, the

main residue in collagen, is the strongest contributor.



52

L. 0° ReT®)
= 0° ImT”)  ©c=0
- - - 45° Re(T?)
e 45° Im(T?)

[
SN

MEM Calculated Amplitude / a.u.

§ide (IZhair}s
1400 1500 1600 1700
IR Wavenumber / cm™

Figure 3.4. MEM analyses of the spectra at 0° and 45° (a) showing that the imaginary parts for
the side-chains and the carbonyls differ in sign. Collagen triple-helix structure (b), extracted

from the RCSB Protein Data Bank, based on X-ray crystallography studies from Berman et al.!*?
We further analyzed the data using the maximum entropy method (MEM), which allows to derive
real and imaginary parts of I'® from an intensity spectrum.?’! The MEM analysis is based on
performing a Fourier transform of the spectra to the time domain, which gives the autocorrelation
function, R(t). The limited spectral resolution in the frequency spectra gives an R(t) only up to a
certain time. By expanding R(t) beyond this time, while keeping the resonances exponentially
decaying and not adding new information to the original spectra (and thus keeping the spectral
entropy at maximum), it becomes possible to calculate a complex I'® for the spectra. The only
parameter left is an error phase, which is typically adjusted to accommodate reasonable spectral
features. While there may be some flexibility in this procedure, it is important that the error phase
itself does not alter the phase relation between individual spectral contributions. Therefore, MEM
derived imaginary parts, even without error phase adjustments, allow to identify phase relations
between peaks. For our data, the MEM algorithm provides a complex solution for I'® with

opposing signs in the imaginary part for the side-chain peaks and the amide I peaks respectively
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(Figure 3.4). In fact, we also realized this phase relation while fitting the spectra, as we could only
retrieve reasonable fits with opposing phases for the two spectral regions. As orientation and
phases are closely related to each other, we can take advantage of such an analysis in order to (i)
differentiate overlapping spectral contributions, and (ii) provide orientational relationships
between different chemical groups identified in the SFS spectra.

Previous X-ray crystallography!'®!: 12 and NMR!?? studies are suggesting that the carbonyls are
oriented away from the fiber axis (Figure 3.4), stabilizing the triple helix by forming hydrogen
bridge bonds to neighboring strands. In such a scenario, the directions of the carbonyl and the side
chains are not opposite, but instead rather similar. If the sign of the hyperpolarizability were equal
for both vibrational features, it would lead to a similar phase for the groups. Since our results
suggest a different sign of the phase for both contributions, an opposing sign in the
hyperpolarizability for carbonyls and side chains seems likely. When such relations between
various vibrations are theoretically available, SFS will become a powerful tool for evaluating

relative orientations of molecular species in protein fibers.

3.3  CONCLUSIONS

To summarize, we have for the first time recorded SFS spectra of protein fibers. In the case of
collagen, there are major distinctions between spectra collected at 0° and 45° scattering angles.
Fitting of the spectra shows that it is possible to split up the amide I region into contributions from
Gly, Pro and Hyp, respectively, while a MEM analysis revealed that side-chains and the carbonyls
have opposing phases. Hypotheses explaining these qualitative results were provided. We believe
that SFS studies of protein fibers will become a valuable asset for applications such as tissue

engineering and amyloid disease prevention.
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Chapter 4. VIBRATIONAL SUM-FREQUENCY SCATTERING AS A
SENSITIVE APPROACH TO DETECT STRUCTURAL CHANGES IN
COLLAGEN FIBERS TREATED WITH SURFACTANTS

A version of this chapter is being prepared for submission to a journal for biophysics or physical

chemistry and may appear as a formal publication of scientific research.

4.1 SUMMARY

Optimizing protocols so that the structure of the collagen fibers in the extracellular matrix
remains intact during the decellularization process requires techniques with high structural
sensitivity, especially for the surface region of the collagen fibers. Here, we demonstrate that
vibrational sum-frequency scattering (SFS) spectroscopy in the protein-specific amide I region
provides vibrational spectra and scattering patterns characteristic of protein fiber networks self-
assembled in vitro from collagen type I, which are kept in aqueous environments during the
analysis. At scattering angles away from the phase-matched direction, the relative strengths of the
various polarization combinations are highly reproducible, and changes in their ratios can be
followed in real-time during exposure to sodium dodecyl sulfate surfactant solutions. For the fibers
in this work, we observed a scattering angle of about 22° provides surface specificity, as it allowed
monitoring of early structural changes to the fibers during the surfactant exposure. With further
development, we hypothesize that the information from SFS characterization of collagen fibers
may complement information from other techniques with sensitivity to overall structure, such as
second-harmonic generation imaging and infrared spectroscopy, and provide a more complete
understanding of the fiber molecular structure during exposure to various environments and

conditions.
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4.2  INTRODUCTION

One important goal in tissue engineering is to supply organs to patients without the risk of rejection
by immune response, which remains a major issue for transplanted donor organs. For example,

2

about 30 -40 % of heart recipients experience acute rejection within the first year?*? after

transplantation, which directly accounts for about 10 % of patient deaths.?%

Triggering of allograft
pathologies and an increased risk of infection due to immunosuppressive therapies are other factors
associated with acute rejection, contributing to additional fatalities. Decellularization of native
tissue yields natural scaffolds that may be combined with patient-specific cells, which is one
strategy for successful regeneration of organs that do not trigger the foreign-body reaction.
Heart,?* liver,?*® kidney,?*® lung,?’”- 2% and pancreas®” are examples of organs that have been
created using biologic scaffolds obtained through this approach and short-term in vivo functions
have been demonstrated. With an increasing shortage of donor organs, improving the success of
transplanted organs by reducing the risk of acute rejection through tissue engineering is highly
desirable, especially if it would allow the use of organs from animal sources.

Effective decellularization is characterized by lysis of cells and removal of all cellular materials,
while the collagenous extracellular matrix (ECM) remains intact. However, optimizing the
protocols for this remains a challenge and the unique composition and molecular organization of
each tissue require specific combinations of the tunable parameters, such as pH, ionic strength,
temperature, time, flow, and concentrations of specific decellularization agents.?!° Protocols often
include detergents for lysing cells and washing away cellular materials and two of the most
common examples are the ionic sodium dodecyl sulfate (SDS) and the non-ionic Triton X-100.
While SDS is more effective at removing the cells, Triton X-100 is better at preserving the ECM

components.?!! Systematic investigations of the impact of decellularization agents on the ECM

structures are challenging, in particular for the collagen fibers that provide structural support in
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many tissues. Scanning and transmission electron microscopies (SEM and TEM) are commonly
used to evaluate the architecture of ECM collagen fibers.?!2 However, these techniques require
staining of the fibers and extensive sample preparations for analysis in the vacuum chamber.
Furthermore, information on the molecular structure is typically not available and quantification
of the level of fiber destruction is challenging, which makes correlations with scaffold performance
difficult. Infrared (IR) spectroscopy and second-harmonic generation (SHG) microscopy have
been used for characterization of collagen fiber molecular structures.*? 43 213- 214 However, signal
alterations associated with subtle changes to the structure or surface chemistry of the fibers upon
surfactant treatment may be too small for reliable detection, but the impact on the scaffold's ability
to support cell growth may nevertheless be substantial. Much of the progress in the field has
therefore relied on trial and error, leaving gaps in the molecular understanding for why certain
decellularization protocols are more successful than others. Recently, a collagen hybridizing
peptide (CHP) was designed that specifically binds individual collagen chains.?!*2!7 By
fluorescent labeling of the CHP with carboxyfluorescein, low levels of molecular denaturation of
collagen can be detected and visualized in decellularized tissues, which is useful for developing
improved protocols. However, it is not possible to follow the collagen denaturing in real-time, as
the CHP self-assembles, which also puts constraints on the sample preparation. Additional
techniques capable to detect changes to the molecular structure of collagen fibers in real time are
thus desired.

With this goal in mind, vibrational sum-frequency generation (SFG) spectroscopy provides a
promising avenue, as it combines the specificity for structural symmetries of SHG with the
molecular specificity of IR and Raman spectroscopy. The sample property probed by SFG is the
second-order susceptibility factor, ), which is a tensor comprised of 27 elements, one for each

unique combination of the spatial directions for the three mixing electromagnetic fields. The
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relative magnitude of these tensor elements depends on the hyperpolarizability, B, of the molecular
species contributing to the signal and their organization in the sample relative the sample symmetry

axis. Conveniently, unique subsets of the tensor elements can be probed by controlling the

(2)

polarizations of the mixing beams. For example, ¥,

(s-polarized SFG and visible light, p-

(2)

yyx if the z and x directions define the incidence

2
and X3(1y)29

polarized IR) specifically probes y
plane. By comparing the signal strengths for various polarization combinations, the relative
orientation of the identified species may be deduced.?!- 8897 This exercise is often facilitated by
the fact that several tensor elements must be zero for certain sample symmetries. For example, all
tensor elements with an odd combined number of x and y indices vanishes for samples with C,,
symmetry. For such cases, specific detection of chiral molecules or superstructures is also possible,
as the spp, psp, and pps polarization combinations only probe tensor elements that include all three
spatial directions (i.e. X, y and z). This is useful for characterization of protein structures, since it
has been shown that right-handed a-helices often do not appear in chiral SFG spectra for the amide
I region, while B-sheets do appear in chiral amide I spectra. This has, for example, been utilized to
probe transient stages during amyloid fiber formation.”!: 129

Collagen fibers have a C,, symmetry axis along the fiber direction. This means that only a subset

of the effective hyperpolarizability, f,fr, tensor elements can be nonzero. The origin and
magnitude of, B.rf, for various types and sources of collagen has been the focus of several

studies.*!- 48 218. 219 The contribution of the tensor elements to the nonlinear susceptibility of the
sample further depends on the fiber orientation relative the geometry of the mixing laser beams.
Early work on the molecular origin of the second-order susceptibility of type I collagen fibers from
rat tail tendons was performed in transmission mode with the fibers aligned in the x-direction (x
and y defined the sample plane),'”> which allowed separate detection of achiral and chiral signals

and an approximately equal contribution to the nonlinear susceptibility was demonstrated.
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Subsequently, it was shown that spectral differences in achiral and chiral spectra for the collagen
fibers originate from distinctions in the relative signal contributions from the glycine, proline, and
hydroxyproline residues, which are the main residues in the Gly-X-Y triplet that defines collagen
peptides.'® Based on vibrational SFG spectra that provide this level of molecular understanding
for the nonlinear susceptibility of collagen fibers, a model was created to extract the average pitch
angles (tilt relative the fiber axis) for the amide I carbonyl and methylene groups in rat tail collagen
fibers from polarization SHG experiments. With 45.82° £0.46° for the peptide groups and 94.80°
+0.97° for the methylene groups, the values were in good agreement with X-ray diffraction studies
of collagen type I model peptides.* More recently, the organization and absolute molecular
orientation of collagen fibers in tissue samples have been visualized with hyperspectral, phase-

220-222 which further demonstrate the

sensitive and polarization sensitive SFG microscopies,
detailed information that can be obtained through these approaches.

While vibrational SFG spectroscopy informs on the detailed molecular structure of collagen fibers,
it is still not certain that the subtle changes (beginning at the fiber interface) from treatment with
surfactants during decellularization would be readily detectable. Therefore, to enhance the
structural sensitivity of SFG, we used it in the scattering mode. Vibrational sum-frequency
scattering (SFS) was pioneered by Roke et al. and has primarily been applied to spherical sub-
micron structures in solution,8: 30 136, 138-140, 142-145. 148,223 fr which many of the theoretical details
have been described. Recently, we used the technique for the first time to analyze collagen fiber
networks in aqueous 3D environments and demonstrated that the spectra are dependent on the
angle of detection relative the phase-matched direction.'* In this work, we show that the scattering
patterns in the amide I region are sensitive towards the fiber structure and propose that the

technique is suitable to probe subtle changes to the structure of collagen fibers during treatment

with SDS solutions. We hypothesize that changes to the SFS signals from the collagen fibers in
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tissue during decellularization may be correlated with the performance of biologic scaffolds in
organ regeneration, providing unprecedented molecular level insights to the collagen fiber

structure.

4.3  MATERIALS AND METHODS

4.3.1  Collagen fiber preparation and SDS treatment

The fibers were self-assembled in solution from acid extracted bovine collagen type I (TeloCol-
5225, AdvancedBiomatrix, Lot #7688). During preparation, all solutions were kept in an ice bath
to avoid premature fibrillation. Collagen stock solution was added to a phosphate buffered saline
(PBS, 137 mM NaCl, 2.7 mM KCI, 20 mM Na,HPO4, 4 mM KH,PO4) to reach a final collagen
concentration of 1 mg/mL. Before adding the collagen, the PBS had been degassed under vacuum
and sonication for 1h and the pH had been adjusted with 0.1M NaOH so that the final pH after
addition of the collagen was 7.4. After adding the collagen, 1 mL aliquots were centrifuged at
10,000 g for 45 min at 6 °C. After centrifugation, the supernatants were transferred to new
Eppendorf tubes that were immediately incubated at 37 °C for fibrillation. After 24h, the samples
were centrifuged at 10,000 g for 5 min at room temperature and the supernatants were replaced
three times with a similar PBS solution prepared with D,O (Sigma Aldrich, 1581882). The pellets
of the collagen fiber networks were then stored in the DO PBS buffer at 4 °C until use. Some
samples were monitored with SHG imaging and SFS spectroscopy while being treated with
surfactant solutions, which consisted of 3.5 mM deuterated SDS (d25-SDS, CDN Isotopes, D-
2552) in the aforementioned D,O PBS buffer. This concentration of d2s-SDS corresponds to a
0.1 % (w/v) of undeuterated SDS, which has previously been used as a low surfactant

concentration decellularization protocols.
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4.3.2  UV-Vis absorption
In each step of the collagen fiber preparation, randomly selected aliquots were chosen for UV-Vis
spectroscopy to keep track of the collagen concentration. The supernatants and collagen fiber
network samples were dissolved by mixing with 25 mM HCl to obtain a final pH of ~2. Calibration
curves were established using reference samples with known concentrations prepared from the

collagen stock solution. The absorption was measured at 275 nm with a UV-Vis Varian Cary 5000.

4.3.3  Vibrational SFS spectroscopy

For scattering experiments, 75 % of the power from a femtosecond Ti:Al,Oj3 laser (Integra-HE,
Quantronix) with 1 kHz repetition rate, 791 nm wavelength, and 110 fs pulse width was used to
pump an OPG/OPA/DFG system (Palitra FS, Quantronix) to get a tunable broadband IR beam
(~140 cm™! FWHM). At the IR output of the OPG/OPA/DFG, a germanium plate at the Brewster
angle blocked residual idler beam in the IR path. The IR path to the sample stage traveled through
evacuated lens tubes to minimize absorption in the ambient atmosphere. On the way to the sample
stage, a half-wave plate followed by a pair of wire-grid polarizers controlled the power and
polarization of the IR beam. The remaining 25 % of the 791 nm pump laser was used to obtain a
narrowband (~15 cm™! FWHM) visible/nIR laser beam by filtering the beam with an etalon. Before
the sample stage, the power and polarization of the visible/nIR beam were controlled with
halfwave plates on either side of a Glan-Laser polarizer. Typical powers at the sample were 10 mW
for the IR and 25 mW for the visible/nIR, unless otherwise noted. A motorized delay stage allowed
precise control of the temporal overlap between the IR and visible/nIR beams at the sample. For
acquisition of scattering patterns and the relative strengths of the various polarization
combinations, the total signal intensities were obtained by software binning and the temporal delay
was consistently adjusted to yield the highest signal. For acquisition of spectra showing the full

line shapes of the amide I region in various polarization combinations and scattering angles, the
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signal was acquired while slowly scanning the motorized delay stage, to avoid potential issues
with temporal chirps of the IR profiles (which were obtained in a similar fashion from a nonlinear
optical crystal). While the IR beam was focused directly at the sample (using a CaF> lens with
100 mm focal length), the visible/nIR beam was focused about 1.5 cm behind the sample (using a
N-BK?7 lens with 150 mm focal length), and the incidence angle, y, between the beams was 10°.
The sample was placed between two hemicylindrical CaF» prisms with an 800 um thick rubber
gasket spacer. The signal was collected and collimated using a N-BK7 lens with 50 mm focal
length, mounted on an arm that rotated around the sample holder. Two apertures were used to limit
the spread of collected angles to £2.5°. The SFS signal was then directed by two silver mirrors
through a Glan-Laser polarizer, two premium short pass filters (750 nm cut-off) and one premium
long pass filter (650 nm cut-off), before being focused by a N-BK7 lens with 75 mm focal length
on to the entrance slit of a spectrograph (IsoPlane-160, Princeton Instruments) operated with a
1200 g/mm grating. The SFS signal was detected with an intensified charge coupled device camera
(iCCD, PI-MAX4, Princeton Instruments) operated at 90 gain and with a 40 ns gate width. The
number of acquisitions varied between 2,000 and 12,000, depending on the signal strength in the
experiment, which was averaged over at least 15 exposures. A schematic overview of the SFS

setup is presented in Figure 4.1.

434  SHG microscopy

The SHG images were acquired with a multiphoton microscope (Olympus, FV1000 MPE BX61)
pumped with a tunable nIR laser (Spectra-Physics, Mai Tai HP) with 80 MHz repetition rate and
100 fs pulse width. The excitation wavelength was 860 nm and the power was adjusted to about
120 mW at the sample, which did not yield any detectable photodegradation during the acquisition.

The setup included two detection arms with photomultiplier tube detectors and a filter cube (FV10-



62
MR V/G) with bandpass regions of 420-460 nm for the SHG channel and 495-540 nm for the

second channel where two-photon excitation fluorescence (TPEF) may appear. Negligible signals
were obtained in the TPEF channel and when moving the excitation light to 820 nm, the signal in
the SHG channel vanished, which confirmed that the signal indeed was SHG. A 25X/1.05 XL Plan
water immersion objective was used and the images were scanned at 100 ps/pixel, with pixel sizes
<100 nm (oversampling). The signal was Kalman filtered over 5 sequential acquisitions for each

image.

4.4  RESULTS

From the UV-vis experiments (Figure 4.6), the collagen concentration was determined to be
0.54 mg/mL at the start of fibrillation, and the yield was about 92 %. As it takes several hours to
acquire a complete SFS scattering pattern for a sample, the signal stability had to be established.
The signal strengths in the SPP polarization combination at 0° and 22° for various intensities of
the visible/nIR and IR beams were captured and almost perfect linear dependencies for each
excitation beam and scattering angle were obtained, as expected (Figure 4.7). After compensating
for fluctuations of the IR intensity (the visible/nIR is very stable), the signal captured in the SPP
polarization combination at 22° scattering angle was very stable over time and decreased only by
a few percent during the first 10h, when the visible/nIR and IR powers were 27.5 mW and 12 mW,
respectively (Figure 4.8). The SFS signal at 0° decreased slightly more during the same time period
with similar incidence beam intensities, but it was also noted that this is not always the case and
sometimes the signal in this direction even increases slightly over time. As the signal in the phase-
matched direction should be very sensitive towards the organization and preferred orientation of
the fibers (see discussion), it is likely that the change in signal strength is due to initial subtle

movements of the fibers as the high-powered laser beams are introduced. Regardless, the signal
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stability, in particular at higher angles, is more than sufficient for reliable investigations of the
scattering patterns and the relative SFS intensities in various polarization combinations. It should
be mentioned, however, that once the visible power was increased above 30 mW, the SFS signal
decreased substantially within tens of minutes (data not shown) due to photodegradation of the
sample, which eventually could be observed as a burned spot in the sample by the naked eye. For
all subsequent experiments, the visible/nIR and IR powers were thus kept at 25 mW and 10 mW

respectively, safely below the damage threshold.
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Figure 4.1. SFS setup and spectra from collagen fibers. a) A schematic of the setup for SFS
experiments. b) An SHG image of a collagen fiber network in PBS buffer, scale bar is 10 um. c)
Vibrational SFS spectra in the amide I and C-Hx stretching regions for a corresponding collagen

fiber network sample, captured at 0° and 22° with the spp polarization combination. Note the
shift in peak position for the amide I signal with increasing angle. d) A schematic of the sample

holder for SFS experiments.
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In Figure 4.1, an SHG image of a representative collagen fiber sample is shown and the SFS spectra
of the C-Hx stretching and the amide I regions are presented for the spp polarization combination.
As would be expected for unguided self-assembly in solution, the collagen fibers seem randomly
oriented in the sample. This means that chiral signals would be emphasized in the phase-matched
direction, as achiral signals are suppressed from samples that are close to isotropic (see discussion).
Indeed, when turning the polarization direction of the visible/nIR and IR beams and capturing at
the phase-matched SFS signal polarized parallel and perpendicular to the E-fields of the incidence
beams, the signal varies with the ability of the polarization combination to probe chiral signals
(Figure 4.9), despite the fact that the beam geometries highly disfavors chiral signals in this
direction. It turns out that this dominance of the chiral signal in the phase-matched direction is an
important indicator for reproducible relative signal strengths of the various polarization
combinations at higher scattering angles, which is discussed in more detail below. Another
interesting feature demonstrated in Figure 4.1, is the different spectral features observed for the
amide I vibrations at the two different angles, with the peak shifting to lower wavenumbers at

higher angles.
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Figure 4.2. The amide I scattering patterns for the square root of the total signal, i.e. |/,

3

captured in the amide I region with sss, ppp, spp, and pss polarization combinations. The
highlighted region denotes strong signal and low standard deviation, determined by measuring

three different spots in one sample.
In Figure 4.2, the scattering patterns from 0° up to 50° are presented for spp, ppp, pss, and sss
polarizations. The patterns are captured from three different spots of one sample, which gave very
small standard deviations for scattering angles greater than 6° and demonstrates the high

reproducibility when capturing SFS patterns from collagen fibers. As the signals in the phase-
matched direction are dominant, in particular for the spp combination, the graphs in Figure 4.2 are

cut-off at 3.5 a.u. and depict the square-root of the signal intensity (which is proportional to the
effective susceptibility of the sample, |Fe(;} ), to clearly visualize how the signal changes at higher

angles. This means that the signal is vanishing rather quickly at angles above 25°. At the same

time, the standard deviations of the signals at angles below 6° are high. Therefore, it seems like
the optimal region for monitoring SFS signals from collagen fibers is within this range.

Accordingly, we probed the relative signal strengths of all polarization combinations at 12° and



66

22°, as well as complete amide I spectra in spp, ppp, psss, and sss polarizations at 22°. The phase-

matched direction (0°) was also included in all experiments for comparison, as the high signal

strengths at this angle allowed rapid acquisition.
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Figure 4.3. The SFS spectra of collagen in spp, ppp, sss, and pss. a) The chiral polarization (spp)
combination appear at higher wavenumbers in the phase-matched direction. b) At 22° all

polarizations yield spectra at lower wavenumbers. The dashed lines are guides for the eye.
The spectra are shown in Figure 4.3 and were captured in two steps with the IR peaks centered at
~1580 cm™! and ~1710 em™! (the IR profiles are shown in Figure 4.10). In the phase-matched
direction, the most striking differences are between the chiral (spp) and two of the achiral (ppp and
sss) polarization combinations, with a higher peak wavenumber for the former. The remaining
polarization (pss) appears in between. This is consistent with previous reports that have probed
transmission SFG signals in chiral and achiral polarization combinations for collagen fibers
aligned on a surface.!”* 1% At higher angles, the peak in spp shifts to lower wavenumbers, which
may be due to achiral features contributing to the signal. Additional hypotheses for this observation

are given in the discussion.
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Figure 4.4. The total intensities and St. Dev. for all polarization combinations in the amide I
region captured at 0° (top), 12° (middle) and 22° (bottom) scattering angles, from one spot each
of three different samples. The achiral (blue) signals varies strongly in the phase-matched
direction, but are reproducible at higher angles, while the chiral (red) signals are consistent for

all angles.

Figure 4.4 shows the total intensity for all the different polarization combinations at 0°, 12°, and
22°, captured from one spot each of three different samples. The red columns represent the chiral

polarization combinations and the blue columns represent the achiral ones. The most striking

feature concerns the standard deviations, which are large for the achiral signals in the phase-
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matched direction, but relatively low for the achiral signals at higher scattering angles as well as
the chiral signals at all scattering angles. Empirically, for the beam geometries in these
experiments, with a 10° incidence angle between the visible/nIR and the IR beams, it was observed
that the relative signal intensities for the achiral signals away from the phase-matched direction
were highly reproducible when the sum of the chiral signals at 0° was at least 5 times higher than
the sum of the achiral signals, which was the case for all samples probed in Figure 4.4. When the
achiral signals at 0° approaches or exceeds the chiral signals in magnitude, it is an indication that
the fibers have a preferred orientation, which affects the SFS signal strengths for the various
polarization combinations at higher angles and probably also the scattering patterns. However, as
long as the fibers are randomly oriented, the scattering patterns and relative signal strengths should
primarily be determined by the size and molecular structure of the fibers. Therefore, the relative
signal strengths of spp, ppp, pss, and sss polarization combinations were monitored at a scattering
angle of 22° for a sample with ). I./). I, = 8.2 at 0° while the fibers were exposed to a 3.5 mM

d»5-SDS solution in PBS buffer at pH 7.4 (Figure 4.5b).
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Figure 4.5. SHG images and SFS intensities during d»5s-SDS treatment. a) SHG images of a
collagen fiber network while being exposed to 3.5 mM d»s-SDS at Oh, 2h, 5h, 7h, 10h, and 12h.

Eventually, the fibers lose their structure and almost “melt” together, before being completely

dissolved. b) Polarization combination ratios, ppp/spp (red squares), sss/spp (black circles), and

pss/sss (blue triangles) captured at 6 = 22°. The changing ratios are accompanied with a

reduction in the combined intensity of the four polarization combinations (right panel), which

also stabilizes after 6h.

A similar experiment was performed while the fibers were imaged with SHG microscopy

(Figure 4.5a) that clearly shows the fiber structures are affected by the treatment. The sample goes

from a network of individual fibers with high contrast to less defined structures that appear to

partially “melt” together after 12h. When exposed to higher concentrations of d»s-SDS during

agitation on an orbital shaker at 300 rpm, the fibers were completely dissolved within one day. It
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is thus clear that the fibers are severely affected by the surfactant treatment, and it is therefore not
surprising that the ratios of the various polarization combinations in SFS are changing over time
(Figure 4.5). However, changes are readily observable with this technique already at short time
periods (<6h), after which the signals in the various polarization combinations stabilize, while the

SHG imaging more clearly detects changes to the collagen structure at longer time scales (>6h).

4.5  DISCUSSION

Most SFS studies have been performed on spherical structures where the probed molecular groups
reside on the surface, but theoretical models for molecules adsorbed at the surface of arbitrarily
shaped particles have also been developed.!>® The collagen fibers are different, however, as they
are long cylindrical structures with ordered groups also in the bulk region of each fiber. No
theoretical model for the expected scattering patterns of such structures exists today, but many of
the general principles regarding sample symmetries and chirality should still hold, which allows a
qualitative discussion of the results. For instance, arbitrary sample rotations around any axis should
yield a situation with the same nonlinear optical response, provided that the fibers are isotropically
arranged. If the fibers contribute coherently to the signal, it would lead to contradictions in the
achiral tensor element, unless they are close to zero. However, this is not the case for the chiral
tensor elements, which therefore should dominate the signal in the phase-matched direction (which
has a long coherence length) for isotropic samples.’”% 144 224 225 The chiral polarization
combinations were dominant, even when a small angle between the incidence beams (y = 10°) was
used that geometrically disfavors the chiral tensor elements in the phase-matched direction, which
is a strong indication that the samples studied in this work were near-isotropic. This is expected
for fibers that have been randomly self-assembled in solution and visual inspection with SHG

imaging confirms this conclusion. However, occasionally, the handling of the fiber networks (e.g.
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the centrifugation step in the preparation and when placing them in the SFS sample holder) seemed
to induce regional long-range ordering of the fibers, which lead to strong achiral responses in the
phase-matched direction. The scattering patterns were not reproducible for such samples and have
not been included in this work. Elucidating the impact of macroscopic directionality of the fibers
will be important for the application of SFS to real tissue samples, in which the collagen fibers
often are aligned, but this is beyond the scope of this work. Empirically, it was noted for our setup
that the scattering patterns and relative signal strengths of various polarization combinations were
readily reproducible when the sum of the chiral signals dominated over the achiral signals by at
least a factor of 5 (i.e. ). I./>. 1, > 5) in the phase-matched direction (0° scattering angle).

The large standard deviations for the phase-matched achiral signals in Figure 4.4 are also related
to the fact that the fibers are arranged randomly. For a random arrangement of molecules, the sum-
frequency response is expected to grow linearly with the molecular number density (a combined
effect of a random walk in 3D and the square dependence on the nonlinear susceptibility). For such
cases, the low hyperpolarizability, £, of the individual molecules yields a response below the
detection limit, precluding signal contributions from e.g. the solvent. However, for collagen fibers,
which contain millions of ordered amide groups adding constructively to each other, the effective

hyperpolarizability, By, is very large. As a result, achiral signals may be produced in the phase-

matched direction, even if the fibers are randomly arranged and the nonlinear susceptibility tensor
elements would normally be close to zero. However, as discussed above, the achiral response is
still much weaker than the chiral signal, which is quadratically dependent on the fiber number
density. Nevertheless, detectable achiral signals may be produced to some extent but the signal
strengths for various polarization combinations would be heavily dependent on the specific

direction of the small random anisotropy of the sample, which yields large standard deviations.
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As the scattering angle is increased, the fibers start to add incoherently to the SFS response, and
the suppression of achiral signals vanishes. This means that the small random anisotropy has less
impact on the signal strength of the various polarization combinations, which leads to small
standard deviations. Also, the signal strengths of the chiral and achiral polarization combinations
become more similar. As the spp polarization combination shifts its peak position to lower

wavenumbers similar to those for sss and ppp, it appears the chiral and achiral S, cross over the

sample susceptibilities, which is not the case for molecules adsorbed at the surface of spherical
particles.'** However, such a distinction would not be surprising, as the fibers have a clear
symmetry axis for which all orientations are represented in the sample, in contrast to spherical
structures with no specific symmetry axis. In fact, if the individual fibers have C,, symmetry, so
that the rotation angle around their axes cannot modulate the signal, it is easy to show theoretically

that achiral tensor elements of B¢ will appear in susceptibility tensor elements probed by chiral

polarization combinations. Another possible contribution to the shifting peak positions are that
different regions of the fibers are emphasized at different angles, depending on how the phase-
shifts across the fibers yield constructive and destructive interferences between the molecular
groups in the structure. For this reason, there should be a scattering angle where the surface region
of the fibers is enhanced. This angle was not known a priori for the samples in this work, but the
data from the fibers treated with d2s-SDS indicate that 22° provides at least partial specificity for
the interface of fibers.

As the collagen fibers in this work were self-assembled in solution, without any cross-linking
agents or other stabilizing material, it is reasonable that the weak intermolecular forces make them
more sensitive towards environmental conditions than the fibers found in tissue. Therefore, the
fibers were treated with relatively low concentrations of d>s-SDS surfactants (3.5 mM) without

agitation, as they would otherwise rapidly dissolve. In the SHG imaging, it was observed that the



73

fibers eventually lose their structure and almost melt together during the treatment and finally
become completely dissolved. However, the early effects of the surfactant treatment, when the
d2s-SDS interacts with and affects the interfacial structure of the fibers were not readily observed
with SHG imaging. In contrast, SFS at 22° showed changing ratios of the polarization
combinations, as well as an associated signal reduction over time, during this early phase of the
treatment. The fiber number density may have been slightly different for the samples, which could
affect the dynamics of the process (i.e. the sample in the SFS experiment may have reached the
“melted” stage sooner). However, it is clear that the two techniques provide different and
complementary information, since the changes in the SHG imaging did not appear until longer
times when the overall structure of the fibers was affected. We hypothesize that the immediate
trends observed for SFS at 22° is due to specificity for the surface region of the fibers, which is
the first part of the fibers to be affected by the d2s-SDS treatment. As the fibers approach the
“melted” stage, the surface region of the fibers appears to reach a steady state with little change to

the SFS signals at 22° as time progresses. A few data points for the SFS polarization ratios were

also probed at 12° scattering angle (data not shown), but no clear trends could be observed, which
is likely because the surface specificity was not as high at this angle. A final comment is that the
surfactants in solution do not appear in SFS spectra, but they may produce a signal if they interact
with the fibers and adopt a preferred orientation at the fiber surface. SFS provides thus an avenue
to directly probe these interactions and correlate them with the changes to the fiber structure.
Optimizing the setup for such investigations would be challenging and is not addressed here, but
this work shows that a good starting point for such efforts might include monitoring the response
at a scattering angle of approximately 22° (however, the optimal angle is expected to depend on
the IR wavelength). Finally, while this work is focused at the protein-specific amide I region, the

collagen fibers also exhibit strong C-Hx stretching signals. Differences in the organization for these
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groups may yield distinct scattering patterns and sensitivities towards structural changes of the

fibers, which represents another avenue for future SFS investigations of collagen fibers.

4.6  CONCLUSIONS

In this work, we have investigated the SFS patterns and relative signal strengths of various
polarization combinations in the amide I region for hydrated collagen type I fiber networks. We
showed that for randomly oriented fibers the chiral signals are dominant in the phase-matched
direction, and that the achiral signals are not reproducible for this direction. In contrast, achiral

and chiral signal strengths are comparable at scattering angles above 6° with high reproducibility.

When treated with surfactants, the SFS polarization ratios at a scattering angle of 22° can be used
to monitor early changes to the collagen fiber structure. This sensitivity towards subtle changes is
hypothesized to result from specificity to the surface region of the fibers, which is more adversely
affected during the initial phase of the SDS treatment. This shows that SFS may become an
important technique that provides information on the surface structure and chemistry of protein
fibers, complementary to what can be obtained from other techniques that primarily probe the bulk
of the fibers, such as SHG imaging or IR spectroscopy. Such information could be vital for the
molecular level understanding of the structural changes to the collagenous ECM of tissues during
decellularization and could help optimize the protocols to enhance the success rate of tissue

engineered organs.

4.7  SUPPLEMENTARY INFORMATION

As the quality of collagen fibers is dependent on the collagen concentration during the self-
assembly process, it was important to establish exactly what the concentration was before the
solutions were incubated in 37 °C for fibrillation. This was done by UV-vis spectroscopy at 275 nm

and the results are presented in Figure 4.6, which includes absorption of the samples (the aliquots
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were arbitrarily chosen from one batch of sample preparation) after the centrifugation, in the
solution after fibrillation, as well as the fiber network after assembly. A calibration curve was
established with solutions of known collagen concentration, prepared from the collagen stock
solution. The fibers were centrifuged by 10,000 g into a small pellet and dissolved in 25 mM HCI
before analysis. The results indicate an approximate collagen concentration of 0.54 mg/mL at the

start of fibrillation, which had a high yield (~92 %).
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Figure 4.6. The concentration of collagen in the supernatant after the centrifugation (blue), just
before the fibrillation was initiated, as well as of the fiber network after fiber assembly (green)
and the remaining non-fibrillated collagen in the aqueous phase (magenta). Random aliquots
were selected in each step.

Also, in order to compare signal strengths between experiments and different polarization
combinations, which could use different excitation powers, it was necessary to demonstrate that

the signals scale linearly with the excitation beam powers, as described by Eq. 4.1
2
ISFS == |F(2) -E |

-E (4.1)

Wyis WIR

where E, . and E,,  are the electric fields of the Vis and IR beams, respectively, and I'® is the

effective susceptibility for the material under study. The graphs are presented in Figure 4.7 below

and the dependencies are almost perfectly linear over a wide range.
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Figure 4.7. Dependence on the power of the visible/nIR and the IR beams (blue squares and red

triangles) excitation beams over a wide range, the SFS response scales linearly, as would be

expected based on Eq. 4.1 describing the SFS response. This is the case both in the phase-

matched direction (0°, left) and higher scattering angles (22°, right).

In Figure 4.8, it is demonstrated that the signals are stable over long time periods, which means

that the changing intensities at different scattering angles and during the treatment of d2s-SDS are

not due to photodegradation.

SFS Intensity [a.u.]

2 9 .
o o o
1 " 1 1

S
»
1 1

S
o

S
[\
L 1 "

.‘.:‘_A::-LAhA—A-A_A~A_A_A_A_A_A"“‘A-LA.A-A-A* A
—+—SPP, 22°
IR: 12 mW
T T T . T i T ) J
0 2 4 6 8 10

Time [h]

Figure 4.8. Signal stability after onset of the laser beams (Oh) onto the sample, the signal

intensity stays stable over long time periods for the scattering angles away from the phase-

matched direction (22°, green triangles). In the phase-matched direction (0°, black circles), the

signal eventually stabilizes, but may either decrease or increase slightly in the beginning (a

decrease in the case shown).



77

To confirm that the fibers are randomly oriented in the samples, the polarization directions of the
excitation beams were rotated between 0° and 180° in steps of 10°, while the SFG signal in phase-
matched direction was probed (polarized parallel and perpendicular to the incidence beams, as
well as the total signal). The results are presented in Figure 4.9 and show that the signal strength
is dependent on the capacity to probe chiral features, rather than any preferred fiber orientations.
This is consistent with randomly oriented fibers in a sample, for which chiral features should

dominate. A more thorough discussion regarding this is provided in section 4.5 of this chapter.
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Figure 4.9. The effects from turning the polarization direction (a) of the visible/nIR and IR
beams on the total signal in the phase-matched direction (b) as well as the signal split up into the
components polarized in the same direction (c) and the perpendicular direction (d) as the
incidence beams. From these graphs, it becomes clear that the signal strength is heavily
dependent on the ability to probe chiral features in the sample, as the pure achiral polarization

combinations (sss, ppp, and pss in these graphs) have low signal strengths.
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Finally, the spectra that show the full line shapes of the amide I vibrations in Figure 4.3 were
captured in two steps with the IR peak at two different positions, as the FWHM of the IR is not
sufficient for capturing spectra of high quality in the complete amide I region. The two IR profiles

are shown in Figure 4.10 and the regions that each profile contribute with towards the spectra are

highlighted with shaded regions.

1.0 1
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Figure 4.10. The profiles of the IR beams used to probe and normalize the complete amide I
spectra presented in Figure 4.3. The respective contribution of the two profiles to the probed

spectra are highlighted with blue and red.
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Chapter 5. LABEL-FREE IMAGING OF AMYLOIDS USING THEIR
INTRINSIC LINEAR AND NONLINEAR OPTICAL PROPERTIES

This chapter is reprinted with permission from a previously published research article (P.K.
Johansson and P. Koelsch, Biomed. Opt. Express., Vol 8, Issue 2, pp 743-756, 2017,

DOI: 10.1364/BOE.8.000743). Copyright (2017) Optical Society of America.

5.1 SUMMARY

The optical properties of amyloid fibers are often distinct from those of the source protein in its
non-fibrillar form. These differences can be utilized for label-free imaging or characterization of
such structures, which is particularly important for understanding amyloid fiber related diseases
such as Alzheimer’s and Parkinson’s disease. We demonstrate that two amyloid forming proteins,
insulin and B-lactoglobulin (B-LG), show intrinsic fluorescence with emission spectra that are
dependent on the excitation wavelength. Additionally, a new fluorescence peak at about 430 nm
emerges for B-LG in its amyloid state. The shift in emission wavelength is related to the red edge
excitation shift (REES), whereas the additional fluorescence peak is likely associated with charge
delocalization along the fiber backbone. Furthermore, the spherulitic amyloid plaque-like
superstructures formed from the respective proteins were imaged label-free with confocal
fluorescence, two-photon excitation fluorescence (TPEF), and second-harmonic generation (SHG)
microscopy. The latter two techniques in particular yield images with a high contrast between the
amyloid fiber regions and the core of amorphously structured protein. Strong multiphoton
absorption (MPA) for the amyloid fibers is a likely contributor to the observed contrast in the
TPEF images. The crystalline fibrillar region provides even higher contrast in the SHG images,
due to the inherently ordered non-centrosymmetric structure of the fibers together with their non-

isotropic arrangement. Finally, we show that TPEF from the insulin spherulites exhibits a spectral
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dependence on the excitation wavelength. This behavior is consistent with the REES phenomenon,
which we hypothesize is the origin of this observation. The presented results suggest that amyloid
deposits can be identified and structurally characterized based on their intrinsic optical properties,
which is important for probe-less and label-free identification and characterization of amyloid

fibers in vitro and in complex biological samples.

5.2 INTRODUCTION

There are many proteins that misfold and aggregate into amyloid-like fibrillar structures upon mild
denaturation.!3* 226 Such fibers vary in size, but are typically 5 to 15 nm in diameter, have typical
persistence lengths in the um regime and are chemically and mechanically stable.??”-22° This family
of fibers has backbones of intermolecular B-sheets that run along the fiber axis.?*® Amyloid fibers
are found in a wide range of severe conditions, many of which are becoming increasingly
prevalent. Some examples include: Alzheimer’s disease, diabetes mellitus type II, and Parkinson’s
disease - for which the associated proteins are AP, islet amyloid polypeptide, and a-synuclein,
respectively.?*!"23% Other examples of amyloid-forming proteins are insulin and B-lactoglobulin
(B-LG),2%6-238 which to date have not been shown to induce degenerative conditions. As a result,
these amyloids are well-suited to be used in basic research that aims to develop strategies for
identification and characterization of amyloid structures. Additionally, the unique chemical,
mechanical, and optical properties of amyloids make them interesting for practical use in
engineering applications, such as organic light-emitting diodes, conducting nanowires, drug-
delivery systems, among others. 162 164-167, 239,230

It has been shown that lysozyme and AP, as well as a few engineered protein sequences, develop
intrinsic fluorescence in the visible regime upon aggregation into amyloid fibers.!60: 161.241.242 Ty 4

few cases, electrical conduction through the amyloid fibers has been reported as well.!®!> 243 The

origin and specific characteristics of the fluorescence and charge transport of these structures may
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be complex and multifaceted;!%% 2** however, as these properties can arise even without any ring-
structures in the peptide sequence, one mechanism that has been hypothesized for their emergence
is charge delocalization along the fiber backbone due to long-range hydrogen bonding of the
peptide units.!6!: 241. 245. 246 The double-bond form of the resonance structures in a peptide bond
resembles a unit that one would expect to be conjugated in a long B-sheet sequence, which grants
credibility to this hypothesis.?*” The fact that this resonance form would be highly discouraged in
hydrophobic environments further corroborates this theory, since it has been shown that low
humidity and vacuum conditions diminish both the fluorescence and charge transport of amyloid
fibers.!®- 241 A recent study demonstrated that the intrinsic fluorescence from amyloid fibers is
also highly dependent on the pH.!>® This observation was attributed to proton transfer in the fibers,
which may modulate the charge delocalization through them and affect the absorption and
emission characteristics.

The amyloid deposits in brain tissue from patients with Alzheimer’s disease consist of various
types of amyloid fiber aggregates, including a spherical superstructure called amyloid
spherulites.!7%- 180. 248234 Ty these structures, amyloid fibers grow radially from the center, where
one may find an amorphous core. The existence, size, and, morphology of the amorphous core is
dependent on the source protein and the conditions under which they are formed.!”> It was
previously demonstrated that the AP protein associated with Alzheimer’s disease can form
spherulites in vitro,'*° but until recently the procedure has not been time-efficient and the yield has
been moderate.!”! However, insulin and B-LG form both amyloid fibers and amyloid spherulites
within hours and with high yields - therefore these proteins were used in this study. The assembly
process depends on several factors, such as the protein concentration, temperature, pH and ion

concentrations, and has been described elsewhere.!72178:255.256 The microscopy efforts in this work
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focused on spherulites prepared from these proteins and the intrinsic optical properties of these
amyloid structures were utilized in label-free imaging applications.

Most studies of amyloid structures by two-photon (or multi-photon) excitation fluorescence (TPEF
or MPEF) and second- harmonic generation (SHG) imaging have relied on external probes,?7-262
while only a few have been label-free.3? ** 3¢ In this work, we show that these techniques produce
images with high contrast for the amyloids. This can be attributed to the previously demonstrated
multiphoton absorption (MPA),!%® being as effective for insulin fibers as for typical two-photon
dyes. Furthermore, the nonisotropic organisation and inherent noncentrosymmetry of the fibers in
the crystalline fibrillar regions enhance their SHG susceptibility. In the following sections, we first
briefly describe the preparation procedures that lead to either individual fibers or spherulites. The
fibers were visualized by atomic force microscopy (AFM), while the spherulites were identified
with cross-polarized microscopy. We then present the ultraviolet-visible (UV-Vis) absorption, as
well as the fluorescence spectra and fluorescence lifetimes of the native proteins and the amyloid
structures. Finally, we show images of the spherulites produced by confocal fluorescence, TPEF,

and SHG microscopy without using any probes or labels.

5.3 MATERIALS AND METHODS

5.3.1  Preparation of the Fibers and Spherulites

Insulin fibers were prepared by dissolving 10 mg insulin (I5500, Sigma Aldrich) in 4 mL 25 mM
HCI, followed by 18h incubation at 70 °C while stirring with a magnetic stir bar at 300 rpm. B-LG
fibers were prepared by dissolving 20 mg B-LG (L0130, Sigma Aldrich) in 4 mL 25 mM HCI,
followed by 42h incubation at 85 °C while stirring with a magnetic stir bar at 300 rpm. Insulin
spherulites were prepared by dissolving 5 mg insulin in 1 mL 25 mM HCI and 5 mM NaCl,

followed by 6h incubation at 70 °C without stirring. B-LG spherulites were prepared by dissolving
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20 mg B-LG in 1 mL 25 mM HCI and 5 mM NacCl, followed by 18h incubation at 85 °C without

stirring. MilliQ water (18.2 MQ) was used in all solutions and the prepared fibers and spherulites
were stored in 4 °C. Before use, each sample was centrifuged (5000g x 5 min for the fibers and
200g x 2 min for the spherulites) and resuspended twice in 25 mM HCI post-assembly, to reduce

the amount of non-assembled protein.

5.3.2  Atomic Force Microscopy

The amyloid fiber solutions were diluted with 25 mM HCI to a final concentration of about 1
mg/mL followed by adsorption on clean Si substrates during 3 min. The surfaces were then rinsed
by submersion into MilliQ water for 5 min. After drying with N> gas, the surfaces were imaged

with PeakForce AFM (Bruker-ICON).

5.3.3  Cross-Polarized Microscopy

Droplets containing spherulites (undiluted) were put on microscope slides with coverslips on top.
An in-house microscopy setup was used, with the sample between orthogonal linear polarizers.

The images of the spherulites were captured with a charge-coupled device camera.

5.3.4  UV-Vis Absorption, Fluorescence Spectroscopy and Decay

Solutions with about 5 mg/mL protein in 25 mM HCI were prepared for all the amyloid samples
and the native proteins. Absorption spectra from 240-500 nm were measured with a UV-Vis
spectrometer (Varian Cary 5000) with a 25 mM HCIl solution as the blank. Baseline correction was

made with a model according to Eq. 5.1,

Abs = —log [I‘;ﬁ] +log[1 — A] + log [1/1__48 (5.1)
0



84

where 1, is the measured intensity for the sample, I, is the intensity for the blank, 1 — A is the
transmittance due to reflection/blocking at large structures, and (1 — B)/A* is the transmittance
due to wavelength dependent scattering. The A and B factors were optimized to accomodate a flat
baseline at zero at A > 430 nm, for which little absorption was expected. All absorption spectra
were normalized at 278 nm. The fluorescence spectra were acquired with a spectrofluorometer
(Tecan, Infinite M1000), with Aexc ranging from 310 nm to 450 nm. The relative signal intensities
for the various Aexc were noted for each sample and the spectra were normalized to their maximum
values. The fluorescence decays were measured with a time-correlated single photon counting
spectrometer (Picoquant, FluoTime 100) and the instrument response function was captured with
250 nm poly-L-lactic acid particles at low concentration. For all decay measurements, the
integration time was adjusted so that the maximum count for each sample reached 10,000 and all

results were fitted with double-exponential functions.

5.3.5  Confocal Fluorescence, Two-Photon Excitation Fluorescence, and Second-Harmonic

Generation Microscopy

Droplets of the spherulites (undiluted) were placed on microscopy slides with cover slips on top,
and then imaged. The fluorescence images were captured with a 40X/1.30 Plan-Neofluor oil
immersion objective on a confocal microscope (Zeiss LSM 510 Meta) operating with Aexc at 405
nm from a diode-pumped solid-state laser. The detection channel had a photon multiplier tube
(PMT) and a longpass filter with a cut-on wavelength at 420 nm. The TPEF and SHG images were
acquired with a multiphoton microscope (Olympus, FV1000 MPE BX61) pumped with a tunable
nlR laser (Spectra-Physics Mai Tai HP) with 80 MHz repetition rate and 100 fs pulse width. Unless
otherwise noted, Aexe was 910 nm and the excitation laser power was 680 mW at the sample. No
photodegradation was observed during acquisition for excitation powers below 1.2 W. Both

detection arms had PMT detectors and included bandpass filters at 420-460 nm for the SHG
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channel and 495-540 nm for the TPEF channel. A 25X/1.05 XL Plan water immersion objective

was used and the images were scanned at 100 ps/pixel, with pixel sizes <200 nm. For all the TPEF
and SHG images in this work, the expected pump laser polarization orientation is 45° clockwise.
When Aexe was moved to 930 nm with the same pump power and detector settings, the intensity in
the SHG channel decreased to about 5 % while over 90 % of the signal in the TPEF channel
remained. This procedure was used as a confirmation that a majority of the signal detected in the
SHG channel originates from SHG processes, while TPEF is detected in the TPEF channel. We
also meassured TPEF in both channels with a range of Acxc to observe how the relative intensities
are dependent on the wavelength. For these studies we made additional measurements with another

filter setup, allowing 460-500 nm in one detector arm and 520-560 nm in the other.

5.4 RESULTS AND DISCUSSION

5.4.1  Preparation and identification of fibers and spherulites

When proteins are brought to mild denaturation, they reach a flexible state that allows misfolding,
reorganization and subsequent aggregation that may result in amyloid-like fibers. Insulin and B-LG
are two proteins that form these fiber structures when heated close to their melting temperatures

in acidic conditions.!%¢ 263

Thus, we dissolved bovine insulin and B-LG from bovine milk in 25
mM HCI water solutions and heated them to 70 °C and 85 °C, respectively. To promote fiber
formation, lower concentrations (2.5 mg/mL for insulin and 5 mg/mL for B-LG) were used and
300 rpm stirring was applied to the solution. Higher concentrations (5 mg/mL for insulin and 20

mg/mL for B-LG) with 5 mM NaCl (not stirred) were used to favor spherulite formation.!’>!7* The

amyloid fibers were adsorbed onto Si surfaces and imaged with AFM (Figure 5.1).
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Figure 5.1. Preparation and characterization of amyloid fibers and spherulites. (a) Insulin and
B-LG form fibers or spherulites, depending on the experimental conditions. AFM images of
amyloid fibers from bovine insulin (b) and B-LG from bovine milk (c); bars are 500 nm for both
images. Cross-polarized microscopy of the spherulites from insulin (d) and B-LG from bovine
milk (e); bars are 150 um for (d) and 200 um for (e). Normalized absorption spectra of the native
proteins (black), amyloid fibers (red), and amyloid spherulites (blue) from the bovine insulin (f)
and the B-LG from bovine milk (g), in 25 mM HCI solutions at ~5 mg/mL protein concentration.
When spherulites are imaged with cross-polarized microscopy, a characteristic Maltese-cross
pattern appears due to the birefringent nature of amyloids, for which the optical axis is along the
fiber. Therefore, the spherulites were imaged with a home-built cross-polarized microscopy setup
to confirm their formation (Figure 5.1). At the center of the insulin spherulites, a dark region is
observed in the structures, for which an associated large amorphous core has been suggested.!”*
175,177,178 For B-LG spherulites, the corresponding dark region at the center is small, which implies
a small or non-existent amorphous core. Finally, UV-Vis absorption spectra were captured and the
expected absorption of the ring-structures in the proteins at about 278 nm was detected for all
samples (Figure 5.1). A slight peak broadening for the fibers and spherulites was observed for both
proteins, which may be related to either residual scattering that could not be compensated for, or

a small change in the local environment for the amino-acids with ring-structures. At about 360 nm,

a weak peak was observed for the insulin spherulites. This may be an effect from phonons being
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formed due to the rigid nature of the long amyloid fibers in the spherulites; however, further

investigation of the details in this observation is needed and is beyond the scope if this work.

5.4.2  Characterization of the intrinsic fluorescence

Before proceeding to imaging the spherulite structures, we thoroughly investigated the intrinsic
fluorescence of the fibers, spherulites and native proteins of the insulin and B-LG. For all these
samples, intrinsic fluorescence was observed and the emission spectra were dependent on the
excitation wavelength (Figure 5.2), which is in conflict with Kasha’s rule. Raman scattering moves
with the excitation wavelength, but cannot account for all the observed features and Raman
microscopy of the spherulites could conclusively exclude this as a viable explanation. However,
this effect is based on another well-documented phenomenon - the red edge excitation shift
(REES).?* 265 Solvent interactions result in a statistical distribution of the ground state (Eg) and
the first excited state (E.) energies for the fluorophores. Of this distribution, only the fluorophores
having E; above the mean (E,) and E. below the mean (E.) will be probed when they are excited
with light at the red edge of the absorption spectra. If the solvent relaxation (reorientation) is slower
than the fluorescence decay, this will lead to a red-shifted emission spectrum, compared to the
scenario when the excitation wavelength is sufficient for transitions beyond the gap between Eg
and E.. Usually, REES is not observed for fluorophores in liquid solvents at room temperature,
since the solvent relaxation in such cases is sufficiently rapid to consistently yield a transition to
the same E. distribution before radiative decay occurs. However, the dynamics of water and other
molecules surrounding the intrinsic fluorophores within proteins are slow enough to allow a
substantial wavelength-dependent REES. The absorption peaks for the amino-acids with ring-
structured side-chains (typically responsible for the intrinsic fluorescence in proteins) are at about

280 nm. The Aexc used in Figure 5.2 (310 - 450 nm) is therefore far out on the red edge.
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Figure 5.2. Amyloid intrinsic fluorescence. The data show the intrinsic fluorescence from the

B-LG from bovine milk (a-f) and bovine insulin (g-1), at ~5 mg/mL in 25 mM HCI water

solutions. Fluorescence emission spectra are shown for the native proteins (a, g), the amyloid

fibers (b, h), and the amyloid spherulites (c, 1), when Aexc ranges from 310 to 450 nm. The

emission peaks are plotted versus the Aexc for both B-LG (d) and insulin (j) for the respective

types of samples: native proteins (green, A), amyloid fibers (red, 0), and amyloid spherulites

(blue, [1). The fluorescence decays for Aexc at 375 nm (e, k) and 470 nm (f, 1) are presented for

the native proteins (green), the amyloid spherulites (blue), and the amyloid fibers (red) — the

instrument response function (black) was measured with 250 nm poly-L-lactic acid particles. The

double-exponential fitting parameters for the decays are included in Tables 1 (B-LG) and 2

(insulin) for Aexc at 375 nm and 470 nm with 95 % confidence intervals.

Conforming with the REES discussed above, an excitation wavelength dependence of the emission

was observed for the native proteins for both the B- LG and insulin. However, when Aexc is decreased

to 300 nm and below, the emission obeys Kasha’s rule. When we made similar measurements for free
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tyrosine amino acids in 25 mM HCI solutions, the emission peaks were at no point dependent on Aexc
(data not shown). This further corroborates that the mechanism for the observed results is REES, since
the solvent relaxation for the free tyrosines is expected to be fast. REES is also largely observed for
the fiber and spherulite structures; however, in the case of the amyloids from B-LG, a static weak
emission peak appeared at about 430 nm with Aexe at 360 - 400 nm (Figure 5.2). This observation is
most likely associated with additional fluorescence arising from charge delocalization along the
backbone of the fibers in the amyloid structures, as discussed in the introduction.

To confirm that this is indeed a new fluorescence not present for the native protein, the fluorescence
decays were measured for the native protein and the amyloid structures for B-LG (Figure 5.2). When
hexc Was 470 nm, similar decays for the native proteins and the amyloid analogs were observed, while
faster decays were measured for the amyloids when Acxc was 375 nm. This shows that the faster decay
is not an omnipresent feature for the fibers and spherulites throughout the excitation spectra, but is
rather indicative of a specific and additional fluorescence pathway when Aexc is 375 nm. Interestingly,
a corresponding fluorescence was not readily observed for insulin amyloids, for which the emission
spectra exhibited features similar as for the native protein throughout the range of excitation
wavelengths used in this work. However, the fluorescence decays show a slightly faster decay for the
insulin amyloids compared to the native protein when excited at 375 nm. This may indicate that insulin
also develops intrinsic fluorescence in the amyloid state, but with a very low absorption cross-section
and/or quantum yield. It is not easy to conclusively determine the origin of the distinctions in the
intrinsic optical properties for the amyloid states of B-LG and insulin. However, it is likely that the
detailed organizations in these superstructures affect the prospects of charge delocalization in them,
for instance via their proton transfer capability.!® It is therefore not surprising that amyloids from
insulin do not exhibit the exact same optical properties as those from B-LG, even though the specific
details for the origin of this observation are currently unknown. It has been shown that the intrinsic

fluorescence decays from the ring-structures in proteins often require at least double-exponential
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functions to produce sensible fits. The origin of this feature is non-trival and depends on the specific
positioning of the fluorescent amino acids, possible energy transfers between them, as well as
transitions to more than one excited electronic state.?6°27 Accordingly, double-exponential fits were
used for all samples, which yielded short (t1) and long (12) decays (Tables 1 and 2 in Figure 5.2). With
Aexc at 470 nm, both 11 and 1, were quite similar across the samples for each protein and no clear and
interpretable trend is observed. For insulin, the fluorescence lifetimes for the amyloid structures were
slightly shorter compared to the native protein when Aexe was 375 nm. It seems like 12, with the range
24 ns, 1s the main reason for this. A larger distinction in the decay times between the amyloids and
the native protein for the same Acxc was observed for B-LG. Both 11 and 1> were longer for the native
protein, however the main difference was again measured for 12, which was 4.75 ns and 3.95 ns for the
amyloid spherulites and fibers, while it was 8.5 ns for the native protein. The fluorescence lifetimes
measured for the B-LG amyloid structures conform with the corresponding values measured for
amyloid-specific intrinsic fluorescence of other proteins.!®® The fluorescence with longer lifetime for
the native protein is likely from tryptophan, which has been shown to exhibit a wide range of decay
times that depend on the environment. For insulin, the main origin of the observed fluorescence for all

samples is likely from the tyrosine residues in the protein, which lacks tryptophans.

5.4.3  Label-free imaging of amyloid spherulites

The intrinsic fluorescence investigated in the previous section can be utilized for label-free
imaging of the amyloid spherulites in solution (Figure 5.3). Scanning confocal fluorescence
microscopy with Aexc at 405 nm was used to image the insulin and B-LG spherulites. TPEF and
SHG microscopy with Aexc at 910 nm also produced clear images of the spherulites. Power
dependence plots for the average pixel intensity of the spherulite structures revealed a quadratic
relationship (1.95 for insulin and 2.05 for B-LG) for the SHG images, as expected. A nearly

quadratic relationship (1.78 for insulin and 1.86 for B-LG) for the TPEF images was measured.
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Figure 5.3. Label-free imaging of amyloid spherulites. Spherulites from bovine insulin (a-d) and
B-LG from bovine milk (e-h) imaged with confocal fluorescence (a,e - red), TPEF (b,f - green),
and SHG (c,g - blue). TPEF and SHG were imaged simultaneously in different channels (420-
460 nm and 495-540 nm, respectively) and overlays of the two are shown (d,h). Scale bars: 25
um (a,e), 20 um (b-c), and 40 um (f-h). Aexec were 405 nm (a,e) and 910 nm (b-d,f-h). The SHG
and TPEF power dependencies were measured for four replicates of each type of structure with
powers ranging from 425 - 1190 mW. The error bars represent standard deviations and the slopes
were obtained with least square fits.
The slightly lower power dependence for the TPEF images indicates that a larger relative
contribution of linear processes (e.g. linear fluorescence or scattering) is present in this channel.
The amorphous cores for the insulin spherulites were large and had quite irregular shapes, while
they were non-existent for the -LG spherulites. Another distinction was that many heterogenous
features can be discerned in detail for the insulin spherulites, whereas a homogenous morphology
was observed for the B-LG spherulites. A clear contrast between the amorphous core and the
surrounding crystalline fiber region in the insulin spherulites was observed for all three techniques.

The line-intensities for representative regions of interests are plotted for comparable insulin

spherulites to quantify these contrasts (Figure 5.4).
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Figure 5.4. Contrast between the amorphous core and fibrillar region. For the bovine insulin

spherulites the relative intensities for the core and the fibrillar regions were evaluated by taking
regions of interest (dashed blue boxes) linescans for the confocal fluorescence (a - red), TPEF (b

- green) and SHG (c - blue). The scale bar is 25 um for all spherulites and the Aexc were 405 nm

(a) and 910 nm (b, c), respectively.

The fiber regions had a 2 - 3x higher intensity for the confocal fluorescence. Based on the analysis
in the previous section, the origin of this contrast is likely not due to new fluorescence pathways
for the fibers. One contributing factor could be a distinction in protein density, however, it is
unlikely that this alone would yield a 2 - 3 times higher intensity. However, it is possible that the
packing and rigidity of the fiber regions discourage non-radiative decay pathways in favor of
radiative pathways. This would lead to a higher quantum yield for the fiber region without affecting
the overall fluorescence decay. Additional contrast was obtained for the TPEF, which had a 6 - 8x
intensity difference. After excluding the possibility of hyper-Raman contributions, it was
concluded that this is likely due to a strong MPA for insulin amyloids. It has been shown that
insulin amyloid fibers exhibit a MPA cross-section comparable to those for good two-photon
dyes.!%® In that study, the MPA order exhibited a strong wavelength dependence and was >3 for
insulin fibers when Aexc = 910 nm, which deviates from the order we have measured for TPEF at

this wavelength. This indicates that the features that give rise to the wavelength dependence in
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MPA are not coupled to emissive decay pathways. However, despite this distinction between the
previous study and our findings, a strong nonlinear absorption cross-section exclusively for the
fibrillar structures is a likely explanation for the higher contrast in TPEF compared to the confocal
fluorescence. As a 40 nm window is relatively large for SHG imaging, there is a risk that some
TPEF could emerge in the channel for SHG detection (with a bandpass filter at 420 - 460 nm).
Therefore, Aexc Was shifted from 910 nm to 930 nm as a control, which would have a limited effect
on the observed TPEF, while the SHG signal would vanish completely as it shifts out from the
bandpass region for the filter setup. Indeed, the vast majority of the signal disappeared (results not
shown), demonstrating the contribution of SHG processes to the SHG images. For the core in the
insulin spherulites, one would likely find proteins that are isotropically arranged with a random
coil conformation, and the SHG susceptibility would thus be low there. Therefore, the 14 - 20x
intensity difference in the SHG image is a clear indication that the cores of the insulin spherulites
are indeed amorphous, as has been previously hypothesized. A final comment to make is that the
confocal fluorescence response seems uniform for the fiber region in the insulin spherulites, while
the responses for the TPEF and SHG are more heterogeneous. This is because the excitation light
is polarized in the latter two techniques, which favors fluorescence from fibers with the optical
axis aligned with the polarization of the light. Such artifacts can be alleviated by the use of
circularly polarized light. However, the polarization dependence can also be utilized to make
conclusions about the detailed structure of the sample under study. In our case, the results indicate

that the fibers grow radially outward from the spherulite cores, which agrees with previous studies.
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Figure 5.5. Various cross-sections for the spherulites. Cross-sections of a spherulite from B-LG
from bovine milk (a) at 0 um (top row) and 12.5 pm (bottom row) from the center with SHG
(blue/left), TPEF (green/middle), and overlays (right); the scale bar is 25 um. Cross- sections of
a spherulite from bovine insulin (b) at 0 um (top row), 21.3 pum (middle row), and 27.5 um
(bottom row) from the center with SHG (blue/left), TPEF (green/middle), and overlays (right);
the scale bar is 25 pm. Aexc was 910 nm in all cases.

These imaging techniques can also be used to sample various cross-sections of the spherulites,
which provides information on their 3D-structure (Figure 5.5). A z-stack of cross-sections from an
insulin spherulite was collected, from which four 3D animations were made. The results can be
found in the supplementary material:*> Visualization 1 and Visualization 2 (see publication online)
show half of a 37 pm spherulite imaged with SHG and TPEF respectively, while Visualization 3
and Visualization 4 (see publication online) show the corresponding SHG and TPEF images of the
entire spherulite. The amorphous core can easily be identified as a "cavity" in the structure. Finally,
to further demonstrate the ability of these techniques to detect detailed features in the spherulite
structures, some pressure was gently applied on the spherulites to induce cracks in them. The
samples were then placed in the microscope and imaged with TPEF and SHG (Figure 5.6), with

Aexc at 910 nm. The SHG approach in particular was able to display the cracked features with high

contrast. This is due to the high contrast for SHG demonstrated above, in combination with the
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fact that the microscope was used in back-scattering mode. The SHG signals are mainly produced
in the forward direction (due to the conservation of momentum), which means that the signals need
to be back-scattered to reach the detector. Consequently, enhanced scattering at cracks and defects
make these features more pronounced. However, also the TPEF image exhibit enhanced signals
close to some of the defects. This is also reasonable, as when the the excitation light is close to
defect sites, on would expect to get the regular TPEF signal and potentially additional signals from

light that travels in the direction of the defects that subsequently scatter it to the detector.

Figure 5.6. Imaging of cracked spherulites. SHG images (a, d - blue), TPEF images (b, e -
green), and overlays (c,f) of cracked spherulites from bovine insulin (a-c) and B-LG from bovine
milk (d-f); the scale bars are 25 pm (a-c) and 50 pm (d-f), and Aexe was 910 nm. Note that the
images of the insulin spherulite were not recorded at its center and, therefore, lack the

amorphous core.

Lastly, REES in linear fluorescence has been readily demonstrated for these structures above. As
far as we know, there are no conceptual reasons why REESs would not be possible to observe for
TPEF as well. However, little research has been devoted to this and we are not aware of any studies
of this kind. In order to investigate if REES may be found in the TPEF from our insulin spherulite

structures, a range of different excitation wavelengths that would yield only TPEF and no SHG in
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both the detection arms were used. Thereafter, ratios of the average intensities of the images in the
respective channels were formed. The results show that up to about 790 nm, the excitation
wavelength has limited effect on the relative intensities in the two channels. Thereafter, the signal
in the channel for the lower wavelength starts to decrease relative the one for longer wavelengths
(Figure 5.7a). This is consistent with the REES phenomenon. However, since 790 nm is relatively
close to the lower window boundary, the experiment was repeated with a second filter setup, with

460500 nm and 520-560 nm windows (Figure 5.7b).
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Figure 5.7. Excitation wavelength dependence in TPEF images. Ratio of average intensities for
the insulin spherulites in the two detector channels. The bandpass filters windows compared are
(a) 420460 nm vs. 495-540 nm and (b) 460-500 nm vs. 520-560 nm. The error bars are St. Dev.
from measurements on four spherulites and the excitation laser power was 80—400 mW,
depending on the wavelength. The dashed red lines are splines intended as visual guides.
Again, the decline started at about 790 nm, which shows that it cannot be an effect from hyper
Raman scattering. To conclusively determine that the observed behavior really is REES, it would
be necessary to measure the MPA spectra as well as complete TPEF spectra for several excitation
wavelengths. That is beyond the scope of this work, but we hypothesize that the obtained results

are due to REES in TPEF. In such a case, a wavelength of 910 nm (the typical Aexc in this work) is

far out on the red-edge of the MPA. This would explain why this wavelength allowed very high
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excitation powers without photodegradation, while the higher MPA cross-sections for shorter

wavelengths required lower excitation powers (e.g. <100 mW for Aexec < 800 nm).

5.5 CONCLUSION

In this chapter, the intrinsic fluorescence of amyloid structures from insulin and B-LG was
investigated in detail. Fibers and spherulites from both proteins exhibit enhanced fluorescence.
However, only the B-LG structures develop an additional fluorescence decay pathway in the visible
regime that could be readily detected with fluorescence spectroscopy. The origin of the new
intrinsic fluorescence for B-LG is likely due to charge delocalization, while the origin of the
enhanced signal for the insulin amyloid structures in confocal fluorescence microscopy is likely
due to a transition from non-radiative to radiative pathways for the tyrosines in the peptide
sequence. The ability to image amyloid spherulites with confocal fluorescence, TPEF, and SHG
microscopy without the use of any probes or labels was also demonstrated. In particular, the
nonlinear techniques provide images with excellent contrast for the fibrillar regions within the
spherulites. This work provides a first demonstration of the virtue of multiphoton absorption in
TPEF microscopy of amyloid structures. Additional contrast was obtained in the SHG images,
thanks to a high SHG susceptibility exclusively for the ordered fibrillar regions. Also, it was
demonstrated that these techniques can be used to obtain 3D-images of amyloid spherulites and
display detailed information about their structure, including cracks and defects. Finally, we showed
that the TPEF exhibits a spectral dependence on the excitation wavelength. We hypothesize that
the REES phenomenon is responsible for this effect, since the observed behavior is consistent with
this mechanism. As far as we know, REES in TPEF has not previously been reported, but
additional investigations are needed at this time to confirm the existence and use of REES in

nonlinear optical spectroscopy and imaging. Enhanced intrinsic fluorescence, strong MPA and



98

intrinsic molecular ordering are a combination of features that likely distinguishes amyloids from
most other structures in normal tissue.?> 3* 36 A visualization strategy including all these features
would be a helpful tool to selectively find and characterize amyloid deposits in, for example, brain
tissue from patients with Alzheimer’s disease, without the use of any labels or probes. As a result,
non-destructive identification of amyloids in such tissues becomes possible without introduction
of any contaminating agents. This subsequently allows chemical analyses of the identified amyloid
structures by vibrational sum-frequency scattering spectroscopy,®® coherent anti-stokes Raman
scattering microscopy,*® >’ and time-of-flight secondary ion mass spectrometry,?®® among other
techniques. The fundamental optical properties of amyloids discussed and presented in this work
are essential for continuing efforts with the goal of providing innovative strategies for the study of
amyloid fiber structures. An improved pathway for making amyloid spherulites from ABi.40 was
recently developed.!”! As the presence of such structures has been demonstrated in the brain tissue
of patients with Alzheimer’s disease, they have a potential to become important in vitro models
for Alzheimer research. This emphasizes the need in biomedical research for noninvasive

techniques that can provide detailed information on amyloid spherulites.
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Chapter 6. CONCLUSIONS AND OUTLOOK

6.1 CONCLUSIONS

Detailed studies of the molecular structure of protein fibers are challenging and most techniques
need extensive sample preparation, require the use of external probes, lack chemical specificity,
or do not provide the sensitivity necessary to detect subtle changes in the surface region of the
fibers. Additional techniques are thus desired and it was the primary goal of this work to explore
nonlinear optical properties of protein fiber structures and investigate how they can be used for
structural characterization.

It was demonstrated that vibrational SFS spectroscopy can be applied to collagen fibers and that
the spectra are dependent on the scattering angle. There are three potential explanations for this,
all related to the detailed structure of the collagen fibers: (i) chiral groups, or groups organized in
chiral arrangements, contribute more to the signal in the phase-matched direction and less at higher
angles; (i) the phase-shifts across the fiber diameter emphasizes different regions of the fiber at
various angles, depending on how the groups add constructively or destructively to each other in
the far field; and (iii) the orientation of the various groups relative to the symmetry axis of the fiber
affects how strongly they contribute to the signal at various scattering angles (perfect alignment
with the symmetry axis should yield large signals in the phase-matched direction, while other
arrangements may require scattering angles away from this direction for effective signal
production). One virtue of SFS is that signals at angles above 6° are highly reproducible for
samples with a random organization of the collagen fibers, which is not the case for the signals in
the phase-matched direction. This means that SFS can be used to study a broader range of samples,
compared to e.g. SFG in reflection or transmission mode. One of the promising applications of

SFS is monitoring the effect of surfactants on the fiber surface structure. Such investigations are
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very important, as treatments with surfactants are common steps in decellularization protocols and
there are today no alternative approaches for real-time studies of the subtle changes such treatments
may induce to the surface region of the collagen fibers. In this work, it was shown that monitoring
the SFS signal at 22° provided specificity for the surface region, as changes to the ratios of various
polarization combinations could be tracked during the initial phase of exposure to sodium dodecyl
sulfate solutions. The main contributor to the changing ratios observed, was a signal decrease in

the sss polarization combination. While achiral tensor elements of the hyperpolarizability, B,f,

can readily cross over and appear in susceptibility tensor elements probed by chiral polarization
combinations, and vice versa, this is not the case for the sss polarization, which only probe achiral

components of B, . This appears to be the case exclusively for this polarization combination, and
p ff pp y p

the fact that sss only probes a small number of independent achiral tensor elements of B¢ (B,7,7,,

Bx'x'z's Bx'z'x and B,r.r,r) may be the reason for why it is extra sensitive towards the fiber
structure. The ability of SFS to detect the early changes to the structure of the surface region
complements the capacity of other established techniques, such as SHG imaging or IR
spectroscopy, which can be used to study the overall structure of the fibers. With further
developments, some of which are discussed in the next chapter section, SFS may become a key
technique for detailed investigations of protein fibers, which can help optimize strategies within
biomaterials science, such as decellularization in tissue engineering.

The intrinsic linear and nonlinear optical properties of amyloid structures were also investigated
in this work. It was demonstrated through REES that B-LG amyloid state, both as individual fibers
and spherulites, develop a weak fluorescence at about 430 nm. Such luminescence was not readily
observed for the insulin amyloids. Nevertheless, both B-LG and insulin spherulites could still be
imaged with confocal fluorescence microscopy. However, imaging with nonlinear optical

microscopy based on electronic transitions (SHG and TPEF) provided superior contrast for the
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crystalline fiber region in the structures, which may partly be due to enhanced multiphoton
absorption that has previously been reported for insulin amyloid fibers. The REES phenomenon
has been readily described in the scientific literature, but no previous observations of this kind has
been reported for TPEF from biomolecules. In this work, the changing ratios of the TPEF signals
in two distinct detection channels are a strong indication of REES, in particular as the ratios start
changing approximately at the same excitation wavelength for two different filter settings. Detailed
investigations of the REES phenomenon may inform on, for instance, the molecular packing and
hydration state of the detected structures. Combined with the symmetry selection rules for SHG
and the potential for polarization analyses, much information may be gained from these techniques

when applied systematically to protein fiber structures with intrinsic luminescence.

6.2 FUTURE WORK

6.2.1  Sum-Frequency Scattering in the C-H Stretching Region

In this work, the scattering patterns of the amide I region has been the focus, primarily because it
is more specific for proteins, as the line shape depends in the secondary structure. However, the
collagen fibers also exhibit strong signals in the C-Hyx stretching region. Additional efforts in this
region are underway, but preliminary results are available and presented in Figure 6.1 and
corresponding data for the amide I region is provided for comparison. First, as methylene groups
are inherently achiral, they would need a preferred twist angle in order to produce chiral signals in
the phase-matched direction. Depending on to what extent the groups have such a preferred twist
angle, this might explain why the chiral spp polarization is less dominant in the phase-matched

direction for the C-Hy stretches, compared to the amide I region.
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Figure 6.1. Scattering patterns for C-Hy stretches. When compared with the amide I signals, the
C-Hx stretches exhibit strong signals also at higher angles and clear maxima. The chiral signals

are also less dominant in the phase-matched direction.

Second, as can be seen, the signal strengths remain much stronger at higher scattering angles for
the C-Hx stretches. The main reason for this is the organization of the C-Hx groups, especially the
methylene groups, in the fibers. Based on previous SHG and XRD investigations, the average pitch
angle (tilt relative the fiber axis) for the methylene groups is about 95° -100°. This is close to
perpendicular relative the fiber axis, which means that opposite sides of the fiber will effectively
cancel each other, yielding low B.fr in the phase-matched direction, especially for the achiral
signals but also to some extent for the chiral signals (it depends on the geometry of the mixing
beams). As the scattering angle is increased, a phase-shift across the fibers modulates the
destructive and constructive interferences between the groups, which affects the magnitude of ¢
and explains the scattering patterns with clear maxima at various angles. This effect is weaker for
the amide I groups, which have a pitch angle of ~46° and therefore have stronger components
along the fiber axis. Schematics of the approximate differences in organization and symmetry for

the amide I and C-Hy groups are shown in Figure 6.2. Despite a lower specificity for proteins, it is
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possible that the stronger dependence on the specific detection angle for the signal strengths for
the C-Hx could make this region even more sensitive towards changes in the fiber structure when
subjected to various conditions. This needs to be established in future studies that confirm the

patterns presented above and how they are affected during, for example, treatment with surfactants.

Figure 6.2. Organization of amide I and C-Hx groups in the fibers.

6.2.2  Scattering Patterns for Aligned Collagen Fibers

As mentioned in Chapter 4, the relative intensities of the various polarization combinations at
scattering angles above 6° are highly reproducible, but not for samples with strong achiral signals
in the phase-matched direction. This indicates that macroscopic orientations of the fibers affect the
scattering patterns and/or the relative SFS signal strengths in various polarization combinations.
As collagen fibers in tissue samples often are aligned, it will be important to sort out in detail how
the direction and distribution of the fiber orientation affect the scattering patterns. Systematic
studies of collagen in, for example, rat tail tendons are needed, where the samples are rotated at
various angles while the signal strengths for different polarization combinations are monitored at

various angles. This will require a slight modification of the sample cell used in this work: instead
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of hemi-cylindrical prisms, hemi-spherical prisms would be needed, which can be placed in a
sample holder that can rotate around the center axis of the prism (for example, mounts that are

commonly used for half-wave plates or wire-grid polarizers would be appropriate).

6.2.3  Monitoring of Tissue Collagen During Decellularization

When the effect of macroscopic fiber orientations on the scattering patterns have been established,
the next step would be to monitor the signals from collagen fibers in real tissue samples during
treatment with surfactants and other chemicals often used in decellularization protocols. A good
starting point for this would be rat tail tendon samples, which were also suggested as target samples
in the previous section. Another reason why this is a good starting sample is that rat tail tendon
primarily consists of type I collagen, which has been the focus throughout this work, and the
material source is often readily available in biomaterial research settings. However, other collagen
types are also of interest. A natural next step would be to study rat trachea cartilage, which include
more type II collagen. It would be interesting to compare the SFS responses and scattering patterns
for these different types of collagen fibers, and investigate if any correlations can be made with
their resilience towards various decellularization protocols. This could potentially provide new

insights into how successful biological scaffolds for tissue engineering may be achieved.

6.2.4  Detection of Surfactants in Sum-Frequency Scattering

In this work, only signals from the collagen fibers have been detected and investigated. However,
surfactants that interact with the fibers may also adopt preferred orientations at the fiber surface.
While surfactants free in solution would be impossible to detect, the induced ordering from the
collagen fiber interaction could induce them to produce SFS signatures at certain scattering angles.
This would be exciting, as detection of such signals would be a direct observation of the

fiber/molecule interactions. Polarization analyses, detection of the scattering patterns, and the
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development of theoretical models for the expected signals could provide much detailed
information about the interaction, such as the relative orientation of the molecular groups at the
fiber surface and potential reorganization of the peptides and side-chains at the surface of the
collagen fibers. The effect of other additives could then be studied that may allow development of
strategies for selective preservation of the collagen fiber structures in the ECM of tissues during
decellularization, while cellular material is removed. Efforts to detect deuterated SDS in the SFS
experiments have been made in this work, but so far without success. There are several challenges
with such studies: (i) the optimal detection angle is not known (which may be different from the
surface specific angle in the amide I region, due to the difference in IR wavenumber); (ii) the
signals may be relatively weak, if the distribution width for the preferred orientation of the
surfactants at the fiber surface is broad; (iii) the optimal surfactant concentration is not known; and
(iv) it is non-trivial to optimize the alignment of the mixing beams and direct the signal to the
detector if the signals are weak, and appropriate samples with strong resonant or nonresonant
signals in the C-Dx stretching region that could be used for alignment are not currently available.
However, if these issues can be resolved, the outlook to directly detect of fiber/molecule
interactions is good. Such capabilities would not only be useful for the optimization of
decellularization protocols, but could also be important for fundamental research that concerns any

type of interaction between collagen fibers and other biomolecules, such as lipids or proteins.

6.2.5  Elliptical Visible/nIR Beams Yield Destructive Interference

Finally, an unexpected phenomenon of unknown origin will be discussed. While initially probing
the signal strengths presented in Figure 4.9d, it was noted that the signal at 0° and 180° polarization
directions for the visible/nIR and the IR were different (the signal at 180° vanished). Of course,

this is not expected, as the two polarizations should yield the same signal. The reason for the
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observation was determined to be a small ellipticity of the visible/nIR at 180°, due to a half-wave
plate optimized for 780 nm, rather than the 791 nm wavelength of the visible/nIR used in the
experiments. The results in Figure 4.9 were repeated with a setup that gave clean polarization states
without any ellipticity, and the anomaly disappeared. However, it is surprising that the elliptical
state of the visible/nIR gave destructive interference, since the semi-minor and semi-major axes of
elliptical light are phase-shifted by 90°, which cannot yield destructive interference on its own —
other phenomena must thus contribute to this observation. Figure 6.3 shows an example of the
effective the signal cancellation when a certain polarization combination that utilizes elliptical
light of the visible/nIR, compared to the signal strengths using visible/nIR light polarized in the
directions of the semi-minor and semi-major axes with corresponding intensities.

— Semi-Major (24.4 mW)
—— Semi-Minor (0.65 mW)
1.0 — Elliptical  (25.1 mW)

SFG: 90°
5 0.8 IR: 45°
©
2
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Figure 6.3. Signal cancellation with elliptical visible/nIR. In this example, the SFG was polarized
at 90°, and the IR at 45° (relative the vertical direction). The elliptical visible/nIR that most
effectively gave a cancelled response (black line) had 24.4 mW and 0.68 mW in the directions of
the semi-major and semi-minor axes, which were polarized in the directions -26° and -64°. The
signals with comparable power for the visible/nIR plane-polarized in these directions (blue and

red lines) are shown.
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At present, the details of the phenomena contributing to this observation are unknown. It is
tempting to propose that the pitch angles of the molecular groups in the fiber structure are involved
in some way. However, such explanations would require contributions of additional phenomena,
as the orientation of molecules do not tune the phase of the signal response, but rather flip the sign
of the nonlinear susceptibility. As the semi-minor and semi-major axes have perpendicular
polarization directions, it is possible that the two components probe different subsets of the
molecular groups in the structure. Slightly different positions of those groups throughout the
structure, together with a slightly different peak position, could lead to a phase difference between
the signal contributions from these subsets. Normally, this phase difference is probably too small
to yield efficient signal cancelation, but with the additional 90° phase shift of the elliptical light,
the effect could become substantial. If this hypothesis is correct, it implies that information about
the detailed molecular structure of the collagen fibers, beyond traditional polarization analysis with
pure s and p polarization states, may be accessible by systematically investigating the interferences
at various directions and magnitudes for the semi-minor and semi-major axes of the elliptical light.
Such investigations are beyond the work presented in this dissertation, but the potential is
intriguing, given the high resolution provided by interferometric techniques. For example,
spectroscopic ellipsometry can provide information about the layered structure of thin films down
to less than one A. In the case of elliptical SFG, the big challenge would be how to translate the
data into useful structural information, but at least semi-quantitative statements about the relative

position and direction of various groups in the structure should be possible.
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APPENDIX A: OPERANDO SUM-FREQUENCY GENERATION
DETECTION OF ELECTROLYTE REDOX PRODUCTS AT
ACTIVE SI NANOPARTICLE LI-ION BATTERY INTERFACES

This appendix is adapted with permission from a previously published research article (J. Olson,
et al, Chem. Mater., Vol 30, Issue 4, pp 1239-1248, 2018, DOI: 10.1021/acs.chemmater.7b04087).

Copyright (2018) American Chemical Society.

A.l. SUMMARY

For the first time on nanoparticle-based Si electrodes, we monitor electrochemical reduction
products of ethylene carbonate (EC) and fluoroethylene carbonate (FEC) using interface-sensitive
operando spectroelectrochemical sum-frequency generation (SFG). We observe SFG signatures
that suggest carbon monoxide (CO) evolution on nano-Si proceeds at distinct lithiation potentials
for different electrolyte solvents. EC reduction to yield CO-associated species occurs at potentials
associated with silicon’s most highly lithiated state (10 mV), whereas FEC is reduced to
CO-associated species at 10 mV and 500 mV (vs Li/ Li* ). These results suggest that EC reduction
is more sensitive than FEC to the lithiation state, validating previous computational predictions
describing the reduction of both solvents. Our results suggest that low molecular weight oligomers
that readily diffuse from the interface are formed during cycling, leading to SEI instability and an
absence of SFG signal. Only upon prolonged EC reduction at 10 mV do we observe SFG signatures
for poly(EC), which we hypothesize are due to the formation of higher molecular weight chains
that remain on the electrode surface during SFG acquisition. Potential-dependent FEC reduction
to Li2COs3, LiF, and CF-containing moieties evidently induces the predominant stabilizing effects
to the interface, irrespective of the lithiation time scale. These results provide new, precise insight

on the stability of high-capacity anodes.
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A.2. SFG OF SOLID ELECTROLYTE INTERFACES

Spectroelectrochemical SFG studies commonly require dilute electrolyte solutions due to
complications associated with experimental geometry. Specifically, the setup for acquiring SFG
spectra commonly comprises IR and visible laser beams that traverse the bulk of the electrolyte
solution before reaching the electrode surface to enable SFG. This can result in spectral artifacts
for undiluted electrolyte solutions due to significant absorption of certain IR frequencies. In this
case, the co-solvents used to dilute the analyte molecule of interest are not typically used in lithium
ion batteries, and can actually adversely influence the electrode material.! In our spectral analyses

of the SFG results, we used the relation below to fit the data,

A
Xsre = X * Za g (A1)

_(A)IR_in

where Xl(\lzlg is a nonresonant contribution, and w;y is the IR wavenumber. 4, is the amplitude for

the ks resonant mode, for which the peak wavenumber and half width are given by w;, and [}.

In Figure A.1, we monitor the evolution of chemical species comprising the SEI, by scanning and
holding the potential at 1.2V, 0.5V and 0.01V. For EC, a peak at about 1750 cm™! emerges at
0.01V, which is consistent with poly(EC). For both EC and FEC, spectral features are formed at
about 1900 cm™!, which is indicative of carbon monoxide. It has previously been hypothesized that
the carbon monoxide is the reason for poor performance of EC on Si surfaces. However, these
results indicate tha it is more likely poly(EC), as the onset of carbon monoxide is earlier for the

superior FEC additive, while essentially no poly(EC) or poly(FEC) is detected.
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Figure A.1. SFG analysis of first cycle of the (a,c) alkyl dicarbonate and (b,d) carbonyl region

using EC (a,b) and FEC (c,d) as an electrolyte solvent. Spectra were captured at OCP after the

scan/hold experiments. At 0.5 V, it is clear the electrolysis of FEC at the Si electrode interface

has begun, resulting in CO species detectable at ~1975 cm™'. For EC, the highest lithiation state

(10 mV) is needed for such species to emerge at 1940 cm™!. For FEC, this lithiation state

resulted in a peak at 1431 cm™!, indicative of Li»COs3, but no such features appeared for EC.

The composition of the SEI generated on an Si anode is confirmed to include lithium alkyl

carbonates and poly(EC) with the use of EC as an electrolyte solvent. While lithium alkyl

carbonates are also demonstrated to form with FEC as the electrolyte solvent, the combination of

concurrent LiF generation, C-F bond formation within the alkyl carbonate molecule and poly(EC)

suppression demonstrate a multifaceted organic/inorganic stabilizing effect to the device.

Irrespective of the electrolyte solvent used, it also appears that carbon monoxide forms as a

byproduct of electrolytic reduction of the solvent. Future work with SFG-based detection of SEI

structures will include the analysis of other electrolyte additives, as well as novel lithium salts.
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APPENDIX B: STARK TUNING RATES OF CARBONATE-

BASED ELECTROLYTE SOLVENTS APPLIED TO
ELECTROCHEMICAL ENERGY STORAGE MATERIALS

This appendix is under preparation as part of a manuscript to be submitted and may appear as a

scientific publication in a journal for physical chemistry and/or electrochemistry.

B.1. SUMMARY

Lithium ion batteries frequently employ carbonate-based electrolyte solvents as ion-conducting
media, enabling the reversible intercalation of lithium ions through the application of strong
electric fields localized at the electrode/electrolyte junction. While these fields are important for
electrochemistry, their values have not yet been quantified and are crucial for the fundamental
understanding and development of high voltage electrochemical energy storage devices. In this
study, we utilize complementary experimental techniques of vibrational Stark spectroscopy and
solvatochromism in conjunction with molecular dynamics simulations to determine the vibrational
sensitivity to an electric field (expressed as the Stark tuning rate, Alt) of the carbonyl group (C=0)
for diethyl carbonate (DEC), ethylene carbonate (EC), and fluoroethylene carbonate (FEC). We
first determine that the C=0 group in each molecule exhibits a linear response to an applied electric
field. Subsequently, the magnitude of this response was found to be unique among all carbonate
solvents investigated in this work; Afipgc = 0.37 cm™'/(MV/em), Afige = 0.31 em™/(MV/cm), and
Abpgc = 0.57 cm'/(MV/ecm). Applying our findings to vibrational peak shifts observed in
literature for DEC at a LiCoO; interface, we estimate that a local field in the range of about
37 - 52 MV/cm exists at the interface before electrochemical cycling begins, which are values that

converge with theoretical models when the molecular tilt is 31° to 52° relative the surface normal.
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These findings serve as a major step toward quantitatively benchmarking the local electric fields

at interfaces relevant to electrochemical energy storage.

B.2. SOLVATOCHROMIC STARK SHIFT AND INTERFACIAL MODELS

For solvatochromic analysis, 1 M solutions of the carbonates (except D4-EC) were prepared in
chloroform (CHCIl;, sigma), dichloromethane (DCM, Fischer Scientific), dimethylsulfoxide
(DMSO, EMD), tetrahydrofuran (THF, Sigma), 1,3-dioxolane, (DOL, Sigma), toluene (Tol, Alfa
Aesar) and acetonitrile (ACN, Sigma). The samples were subsequently analyzed using ATR-FTIR
spectroscopy. All spectra were collected on a Nicolet 8700 FTIR spectrometer using a liquid
nitrogen-cooled MCT detector, averaged over 32 scans with 1 cm™! resolution. All C=0O vibrations
were determined using the peak value obtained with a Voigt fit. Parameterization of electrolyte
solvents molecules, MD equilibration and production, and determination of solvent electric fields
from MD simulations were performed. Optical constants and the bulk absorption were obtained
using an infrared variable angle ellipsometer housed in the Center for Integrated Nanotechnologies
at Sandia National Laboratories. Spectra were collected at the CaF, prism/liquid interface under
anhydrous conditions at room temperature with 4 cm! resolution in reflection mode at a fixed
angle of 60°. Spectra were averaged over 100 scans. The Stark tuning rate (Ai) can then be
determined by combining vibrational solvatochromism measurements with the molecular
dynamics (MD) simulations to calculate the electric field exerted by the solvent onto the C=0
bond dipole. The resulting electric field-frequency calibration curves do not propagate the local
field correction factor, f, since there is no externally applied field and we obtain precise values of

the Stark tuning rates of DEC, EC, and FEC, which are shown in Figure B.1.
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Figure B.1. Stark tuning rates from solvatochromic data. a) Example for the C=0O group in
DEC. b) Electric field-frequency calibration curves for FEC, EC, and DEC. A linear relationship
between solvent field and peak position is observed, consistent with the linear Stark effect, and
the slope corresponds to |Ajt|, in units of cm™/(MV/cm).

It has been previously determined that the C=O group in DEC at the interface of LiCoO: is red
shifted by to approximately 1737 cm™! under equilibrium (open circuit) conditions. The absorption
of neat DEC solvent occurs at 1746.4 cm™!, while the gas phase peak is 1756 cm™'. Because
equilibrium at the interface of lithiated interfaces and carbonate solvents has been described to
include electrostatic processes and the redshift of the C=0O has been observed at the
electrode/electrolyte junction at a resting potential, we apply the above values of Alipgc to
calculate the magnitude of the electrostatic field at the LiCoO2/DEC junction using Eq. B.1 below.
Since we have observed the linear Stark effect manifests among all carbonate solvents above, the

peak shift at the electrode interface can be taken to be:

Av = _fintAﬁ ) Fint = _fintlAﬁI |Fint| COSIB (Bl)
where AV is the observed shift in peak position of the C=0 group between the gas phase and at the
electrode interface (-19 cm™), Ajt is the tuning rate, f;,. is the interfacial field correction factor, f8

is the dipole tilt angle relative the surface normal, and ﬁint represents the absolute electrostatic
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field at the LiCoO2/DEC interface. Assuming the C=0O group is oriented perpendicular to the

LiCoO; surface (and f;,, = 1; B = 0°), a local field (ﬁint) of approximately 51.4 MV/cm is
calculated using |Afipgc| = 0.37 cm™ (MV/cm).

An estimate of ﬁint may be alternatively calculated using a theoretical model, which more formally
accounts for electrostatic fields imposed upon DEC within the electrochemical double layer at the

LiCoO2/DEC junction. The value of ﬁint is calculated for dipoles perpendicular to the surface by:

- _ 20 [ (n®+2)a+{(e)
Fint(e) T meol3 [3n2+9—(n2—1)((5) (BZ)

where i represents the dipole moment of DEC (1.07D), n the refractive index of DEC at the
electrode interface (1.68, based on a static dielectric constant of 2.835), {(&) an infinite sum
representing the potential profile induced by the static dielectric, and L is the cavity thickness. This
gives an interface field, ﬁint, of 86.2 MV/cm.

Carbonate solvents have previously been shown to adopt a preferential orientation on electrode
surfaces, which is likely one reason for why the two methods do not converge. Another reason
could be that the cavity length is longer than expected (2.434 A was used, twice the C=0O bond
length) or that the f;,,; > 1. To account for these factors, a more general version of Eq. B.2 has

been derived for arbitrary dipole orientations:

13 22U (n2+2)(1+0.577¢(e)+(1+1.4226{(¢)) cos? B))
int(€) = megL3 | 7n2+17—-(n2-1)(0.577¢ () +(1+1.4226{(¢)) cos? B)

(B.3)

where all parameters are defined as in Eq. B.2, with the addition of S representing the dipole tilt
angle relative the surface normal. Limiting f;,,; in Eq. B.1 to 1 < f;,,; < 2.86, and estimating the
bulk value with fy = (¢ +2)/3 = 1.61, a convergence between the solutions to the field-
frequency calibration (Eq. B.1) and the orientation dependent interfacial Onsager model (Eq. B.3)

can be achieved, which is shown in Figure B.2.
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Figure B.2. Convergence of interfacial field models. a) The red region shows the field from
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Eq. B.1, with a range of f;,,; (1 to 2.86) and the red line highlights f;,; = 1.61, which is the
estimated value for the bulk. The blue lines represent Eq. B.3 with different cavity lengths
(top: 2.434 A, middle: 3.019 A, and bottom: 4.105 A). The dashed lines highlight two examples

of converging values for  and ﬁint (52° and 52 MV/cm for L =2.434 A; 31° and 37 MV/cm for
L =3.019 A) when fi,r = fouu is assumed.
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APPENDIX C: ELECTRONIC POLYMERS IN LIPID
MEMBRANES

This appendix is adapted with permission under a Creative Commons License from a previously
published research article (P. K. Johansson, et al, Sci. Rep., Vol 5, Issue 11242, pp 1-11, 2015,

DOI: 10.1038/srep11242).

C.1. SUMMARY

Electrical interfaces between biological cells and man-made electrical devices exist in many forms,
but it remains a challenge to bridge the different mechanical and chemical environments of
electronic conductors (metals, semiconductors) and biosystems. Here we demonstrate soft
electrical interfaces, by integrating the metallic polymer PEDOT-S into lipid membranes. By
preparing complexes between alkyl-ammonium salts and PEDOT-S we were able to integrate
PEDOT-S into both liposomes and in lipid bilayers on solid surfaces. This is a step towards
efficient electronic conduction within lipid membranes. We also demonstrate that the
PEDOT-S@alkyl-ammonium:lipid hybrid structures created in this work affect ion channels in the
membrane of Xenopus oocytes, which shows the possibility to access and control cell membrane

structures with conductive polyelectrolytes.

C.2. UV-VISs, CONDUCTIVITY, AND ELECTROPHYSIOLOGY

We have hydrophobized PEDOT-S by creating electrostatic complexes of PEDOT-S and alkyl-
ammonium salts, which can be dissolved in organic solvents with preserved doping and electronic
conductivity. This was done by adding PEDOT-S dissolved in MilliQ (1 mg/mL) to 2.5 mM alkyl-
ammonium salt solutions. The mixture was then heated briefly to ~60°C resulting in a precipitate

that was centrifuged (10,000 g, 5 min) into a pellet. The supernatant was removed and excess
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alkyl-ammonium salt was removed by resuspension of the pellet in MilliQ (pH-adjusted with HCI)
followed by repeated centrifugation steps. The final pellet was dried with N> gas and dissolved in
chloroform:methanol (2:1), so that a final PEDOT-S concentration of 1 mg/mL was reached.
Absorbance of the PEDOT-S@alkyl-ammonium complexes was measured with a UV-Vis

spectrophotometer in the range 400 - 800 nm (Figure C.1).
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Figure C.1. Characterization of the PEDOT-S@alkyl-ammonium complexes. (a) i) The monomer
of PEDOT-S, ii) dioctyl-ammonium chloride, iii) DOPC, iv) schematic of the complex. (b)
PEDOT-S is soluble in water (top), but precipitates in 2.5 mM dioctyl-ammonium (middle) and
the precipitate is soluble in CHCl3:MeOH (bottom). (¢) UV-vis spectra of complexes dissolved
in CHCI3:MeOH (2:1) after being precipitated from water solutions at pH 4 (solid) or pH 9
(dashed). The alkyl-ammonium salts used were tetrabutyl- (green), hexadecyl-trimethyl- (red),
dioctyl- (blue) and nonyl-ammonium (black). Complexes from (d) dioctyl- and (e) hexadecyl-
trimethyl-ammonium dissolved in CHCl3:MeOH (2:1) were characterized after being
precipitated from water solutions with pH in the range 9 - 4. The arrows indicate increased

doping as the pH is decreased.

PEDOT-S@dioctyl-ammonium complexes were subsequently used to make P-S@dioct:DOPC
structures by mixing with DOPC (1 mg/mL) in chloroform:methanol (2:1). By blowdrying with
N2 gas until the solvent was completely evaporated, a lipid cake was formed that was suspended

in 2 mL PBS at pH 7.4. After swelling, the samples were extruded with polycarbonate membranes
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having 100 nm orifices. The structures were then adsorbed onto Au nanoelectrodes on silicon
surfaces and the conductivity was measured with two probe measurements using a Keithley 4200
parameter analyzer. Structures extruded with 400 nm orifices were also adsorbed onto Pt films
which had been sputtered onto SiO, substrates. Local electrical characterization was then
conducted on the adsorbed structures in a Dimension 3100 (Bruker) microscope with a Nanoscope

IV controller equipped with a C-AFM module (1 nA/V current sensitivity) and the results are

presented in Figure C.2.
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Figure C.2. Electrical characterization of P-S@dioct:DOPC structures. a) Supported lipid
bilayers were prepared on nano-electrodes with 100 nm gaps, and 100 nm P-S@dioct:DOPC
structures (500 pg/mL DOPC, 50 ug/mL PEDOT-S) were then adsorbed. A time-series during
300 s with 0.5 V applied voltage show stable electronic currents (A). References with either only
lipid bilayers (B) or lipid bilayers treated with PEDOT-S dissolved in MilliQ (100 pg/mL)
during 15 min (C) were not conductive and the measurements were terminated after 7s. (D)
shows a voltage sweep for the P-S@dioct:DOPC structures between 0 - 1 V. b) 400 nm P-
S@dioct:DOPC structures (500 pug/mL DOPC, 50 pg/mL PEDOT-S) were applied on Pt
substrates and measured on by C-AFM. 1) shows two representative 400 nm structures that had
collapsed on the surface and had heights of 17 nm and 21 nm respectively. ii) shows the various
spots that were measured and iii) shows the average currents in voltage sweeps between —100 to
100 mV for the two structures (17 nm black, 21 nm red), the surrounding lipid bilayer (green)
and the clean Pt substrate (blue).
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We also demonstrated effective quenching of the membrane dye Nile Red when it was included in
the P-S@dioct:DOPC structures, which shows that PEDOT-S is closely coordinated in or on the
liposome membranes (data not shown). This is a first demonstration of conductive lipid
membranes with potential to carry electronic currents across the membrane as well as laterally
over longer distances. Such electrical interfaces may have applications within many fields, such
as biosensing, controlled release, directed cell growth and probing of bioprocesses - just to mention
a few. We also demonstrated in this work that the produced structures can function as vehicles to
deliver the metallic polythiophene PEDOT-S to the membranes of living cells, possibly by
membrane fusion. When this was utilized on Xenopus oocytes with Shaker K channels expressed,
the gating of these channels was modified (Figure C.3), which serves as an example that it is
possible to access and control structures in the membranes of living cells with the electronic
lipid:hybrid structures that we created. This is a major step towards incorporating these self-doped
conductive polyelectrolytes into lipid membranes and thus create a new pathway to make

conductive MMS and to achieve electronic access to redox active elements in biological systems.
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Figure C.3. SFG P-S@dioct:DOPC effect the on the Shaker K channel. (a) 0.33 uM P-
S@dioct:DOPC applied to the extracellular solution increases the steady-state K current at —20
mV. (b) Current traces at —20 mV from a holding voltage of —80 mV. (c) Steady-state K+

conductance vs. membrane voltage. (d) Dose-response curve of the induced shift.
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APPENDIX D: EXPERIMENTAL DESIGN AND ANALYSIS OF
ACTIVATORS REGENERATED BY ELECTRON TRANSFER-
ATOM TRANSFER RADICAL POLYMERIZATION
EXPERIMENTAL CONDITIONS FOR GRAFTING SODIUM
STYRENE SULFONATE FROM TITANIUM SUBSTRATES

This appendix has been adapted with permission from a previously published research article
(R. Foster, et al, J. Vac. Sci. Technol. A., Vol 33, Issue 5, pp 05E131, 2015, DOI:

10.1116/1.4929506). Copyright (2015) American Vacuum Society.

D.1. SUMMARY

A 2% factorial design was used to optimize the activators regenerated by electron transfer-atom
transfer radical polymerization (ARGET-ATRP) grafting of sodium styrene sulfonate (NaSS)
films from trichlorosilane/10-undecen-1-yl ~ 2-bromo-2-methylpropionate  (ester  CISi)
functionalized titanium substrates. The process variables explored were: A) ATRP initiator surface
functionalization reaction time; (B) grafting reaction time; (C) CuBr; catalyst concentration; (D)
reducing agent (vitamin C) concentration. All samples were characterized using x-ray
photoelectron spectroscopy (XPS). Two statistical methods were used to analyze the results: (1)
Analysis of variance (ANOVA) with a = 0.05, using average VTi XPS atomic percent as the
response; (2) Principal component analysis (PCA) using a peak list compiled from all the XPS
composition results. Through this analysis combined with follow-up studies, the following
conclusions are reached: (1) ATRP-initiator surface functionalization reaction times have no
discernable effect on NaSS film quality; (2) minimum (< 24 hr for this system) grafting reaction
times should be used on titanium substrates, since NaSS film quality decreased and variability

increased with increasing reaction times; (3) minimum (< 0.5 mg cm for this system) CuBr;
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concentrations should be used to graft thicker NaSS films; (4) no deleterious effects were detected

with increasing vitamin C concentration.

D.2. THIN FILM CHARACTERIZATION WITH SFG

SFG spectra were measured with a ps-pulsed laser system (EKSPLA, Nd:YAG and OPA/OPG/DFQG).
Spectra were collected for CISi films on Ti surfaces, prepared during 1 day and 7 days respectively, in
order to determine the effect of reaction time on the CISi film quality. The incident angles relative the
surface normal were 60° and 62° for the infrared (IR) and visible beams, respectively. The ppp (p-
polarized SFG, p-polarized visible and p-polarized IR) polarization combination was used for all
spectra. Average data acquired from three replicates of each sample (1 day and 7 days) were analyzed
for each spectral region (ester: 1700 - 1800 cm™ and C-H: 2800 - 3000 cm™') - with one exception
(7 days, ester region: 1700-1800 cm™") where average data acquired from four replicates were analyzed.
For the ester region, a step size of 1 cm™ was used with 600 acquisitions per step, while a step size of
2 cm! and 400 acquisitions per step were used for the C-H region. In order to compensate for variations
in IR and visible intensities throughout the spectra, all data points were normalized against signals
produced in parallel from an SFG-active crystal (ZnS) that were captured simultaneously in a reference
channel similar to the one used for the SFG signals from the samples. The spectra captured in the ester

region were fitted with Eq. D.1, while the C-Hy spectra are presented without fits.
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Figure D.1. SFG spectra for CISi films synthesized over 1 day (blue) and 7 days (red),
respectively. For the ester region at 1743 cm™!, the grey graphs are averaged data, while the blue
and red graphs are fits. The vertical line at 1743 cm™ denotes the peak position for the fits. For
the C-H region only the averaged data are presented. The amplitudes of the fits in the ester
region, with standard errors of the fits, are included in the table and bar-plot. The data indicate
that the films prepared during for 1 day and 7 days reaction times are of similar quality.

In order to compare CISi films prepared on Ti during 1 and 7 days reaction times, SFG spectra in
the C-H and ester regions were recorded (Figure D.1). For a film such as CISi, the relative spectral
contributions of methyl and methylene vibrations in the C-H region (2800 - 3000 cm'!) are related
to the conformation of the alkane chains. A perfectly ordered alkane chain with the methylene
groups in an all-frans conformation have a center of inversion in between the methylene groups,
which do not appear in the spectra. In such a scenario, the C-H spectral region would be dominated
by SFG signals from the terminal methyl vibrations. However, our results show that peaks from
methylene vibrations (around 2855 cm™! for symmetric and around 2920 cm™! for asymmetric
vibrations) dominate the C-H region, indicating that the alkane chains inhere gauche defects. Most

importantly, the spectra for 1 and 7 days reaction times overlap almost perfectly showing that no

significant change in molecular conformation is observable by SFG. We also measured the SFG
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spectra for the ester region (1700-1800 cm!) and detected the carbonyl stretching peak of the ester
group at 1743 cm™!, which confirms partial ordering of the ester group. In order to quantitatively
compare the spectral intensities in the ester region for the 1 and 7 days reaction times, the spectra

were fitted with

@ _,® 4q
Xsre = Xnr T 2q g (D.1)

IR_in

where )(5(;?(; is the second order susceptibility; )(1(\,213 is the non-resonant part; A, wy, [, are the peak

amplitude, peak wavenumber, and damping factor (peak width) for the ks IR and Raman active
vibration; and w,p is the IR wavenumber. The ester peak fits for 1 (blue) and 7 (red) days reaction
times are presented in Figure D.1, in which the bar plot displays the value of the peak amplitudes
from the two fits. Although the mean values are slightly different, the errors are overlapping. This,
in conjunction with the striking similarity of the spectra in the C-H region, provides further
evidence that the CISi films prepared during 1 and 7 days reaction times are similar. As mentioned
above, this conclusion is consistent with the results from the XPS and AFM experiments. It is

therefore unlikely that an increased CISi reaction time is leading to an improved NaSS film quality.
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