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Commonly used abbreviations
ARMES
MCR
NPFPCA
PARAFAC
PCA

Anisotropy-resolved multi-dimensional emission spectroscopy
Multivariate curve resolution
Noise perturbation in functional principal component analysis
Parallel factor analysis
Principal component analysis

BSA
FBS
GuHCl
HSA
Phe
RhB
SDS
TMR
Trp
N-a-Trp
Tyr
N-a-Tyr

Bovine serum albumin
Fetal bovine serum
Guanidine hydrochloride
Human serum albumin
Phenylalanine
Rhodamine B
Sodium dodecyl sulphate
Tetramethylrhodamine
Tryptophan
N-acetyl-tryptophan
Tyrosine
N-acetyl-tyrosine

h-Tyr
s-Tyr

Group of tyrosines in a hydrophobic environment
Group of solvent exposed tyrosines

I
G
ΔHcal
r
Tm
τ
ɸ

Intensity
G-factor
Calorimetric enthalpy
Anisotropy
Thermal denaturation temperature
Lifetime
Quantum yield

CD
DSC
EEM
ELISA
FRET
IFE
IR
MDF
MIR
NIR
RSD
RTP
SNR
TSFS

Circular dichroism
Differential scanning calorimetry
Emission-excitation matrix
Enzyme-linked immunosorbent assay
Förster resonance energy transfer
Inner filter effect
Infrared spectroscopy
Multi-dimensional fluorescence
Mid-infrared
Near-infrared
Relative standard deviation
Room temperature phosphorescence
Signal-to-noise ratio
Total synchronous fluorescence spectroscopy
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Abstract
The quantitative1 and structural analysis2 of proteins is of great importance in
numerous fields (from industrial to academic research). Requirements like ease of
analysis, sample handling, robustness, analysis time, the amount of analytical information
provided and affordability may all be essential and must be taken into account when
developing any analytical method. Fluorescence spectroscopy is a highly attractive
method that can fulfill many of these requirements and has an ever-increasing number of
applications aimed towards the study of proteins, based either on the use of intrinsic
fluorescence or extrinsic labels.3
One of the most important industrial sectors where new protein analysis
techniques are in great demand is the BioPharma manufacturing industry.1, 4 A typical
bioprocess consists of growing cells or cell components (predominantly mammalian cells)
in culture media (complex and often ill-defined mixtures) in order to produce recombinant
therapeutic proteins. During these processes, proteins not only represent the final product
(i.e. glycoproteins), but are also often used as additives (i.e. albumins, insulins) in some,
if not most, culture media.5 Therefore, in many parts of the bioprocess it is vitally
important to be able to measure both protein concentration and stability. This is especially
challenging when the matrix (i.e. cell culture media or bioprocess broth) in which the
protein is located is chemically complex.1
The first part of this thesis research was based on developing new fluorescence
based methods for the quantitative analysis of proteins in highly complex biogenic
mixtures (which are themselves intrinsically fluorescent). Due to the complexity of such
mixtures, the main issue was the unambiguous discrimination of protein emission from
that of free amino acids present in the media. Anisotropy/polarization was the method of
emission discrimination used and was integrated into multi-dimensional fluorescence
(MDF) measurements (Chapter 3). This new method enabled the protein signal to be
isolated based on the protein’s size compared to the free amino acids in media and enabled
accurate protein concentration measurements (Chapter 4, Groza et al.6, 2014).
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The MDF anisotropy spectra of albumin solutions showed a striped pattern that
was a unique feature of multi-fluorophore proteins. We also noticed that these MDF
anisotropy patterns changed differently depending on the specific unfolding pathway.
The emission of albumins is complicated because of the multiple fluorophores present
(Trp, Tyr, and to a lesser extent Phe). Combining anisotropy with MDF and chemometric
data analysis allowed us to resolve emission from groups of Tyr and Trp and obtain a
more in-depth understanding of the structural changes that occur compared to
conventional fluorescence spectroscopy. Chemometric data analysis was used to extract
the contributions of individual emitting fluorophores to the overall anisotropy pattern
changes of human serum albumin during thermal and chemical unfolding. This new
method was called Anisotropy Resolved Multi-dimensional Emission Spectroscopy
(ARMES) and allowed for the tracking of specific protein domains during different
unfolding/refolding processes (Chapter 5, Groza et al.7, 2015).
Chapter 6 focuses on the similarities and differences in photo-physics and
unfolding/refolding behavior of human and bovine serum albumins. HSA and BSA,
although are structurally very similar, they produced different MDF anisotropy patterns.
The main differences in the photo-physics of the two albumins came from the extra Trp
present in BSA. Although these differences are well known8, the ARMES method
represented a new way of comparing proteins based on their polarized emission and
anisotropy patterns. ARMES analysis resolved the contribution of the second Trp residue
in BSA and was used to track the slightly different unfolding pathway of BSA compared
to HSA.
In the final part of the thesis (Chapter 7), the ARMES method was used to assess
the more subtle protein structural changes that occur during processes such as: flash
freezing/thawing (used for storing of protein products or to decouple the protein
purification step in a bioprocess cycle9), exposure to repeated thermal cycles and refolding
upon cooling. In this chapter, the ARMES method, as it is currently implemented, was
tested to its limits. ARMES showed that there were some small structural changes induced
by different freezing methods, for example, but the errors associated with the chemometric
data analysis were too high for a conclusive interpretation of results.
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1. Introduction
The introduction chapter is structured into three main parts. The first part takes a
look at BioPharma manufacturing and presents the different steps and approaches towards
bioprocess monitoring. Afterwards, the focus is placed on fluorescence and the principles
of fluorescence spectroscopy, polarization, anisotropy and chemometric data analysis
which are exemplified with applications from the BioPharma industry. The last part
consists of a review of spectroscopic and other methods that have been used for the
structural analysis of albumins and the photophysical changes that have been reported.

1.1 The BioPharma industry
1.1.1 Bioprocess technology
A typical bioprocess relies on living cells or components extracted from living
cells in order to produce macromolecules for therapeutic purposes that are usually not
accessible by means of conventional organic synthesis. These microorganisms are
cultivated in bioreactors under controlled biological, chemical and physical conditions.10
During a bioprocess, substrates are consumed by the living microorganisms and
products/intermediate metabolites are formed. The cells are usually suspended in a
bioreactor, and are used from small concentrations to high amounts that constitute a
distinguishable phase in the bioreactor mass. The main beneficiaries of bioprocess
products are the pharmaceutical and food/beverages sectors.11
More than two thirds of biopharmaceutical products (therapeutic recombinant
proteins, vaccines, tissue-culture products and diagnostic products) that have been
approved in the US are manufactured by means of mammalian cell cultures. The most
important mammalian cell lines are: Chinese hamster ovary (CHO) cells (accounting for
approximately 60% of all protein pharmaceuticals) and murine myeloma lines SP2/0 and
NS0.12 Other types of cell lines that have been approved for recombinant protein
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production include: baby hamster kidney, human embryo kidney, and human retinal
cells.5
The culture media used for the growth and proliferation of these cells are of
upmost importance and are often highly complex mixtures that typically consist of amino
acids, peptides, proteins, enzymes, vitamins, antibiotics, buffers, inorganic salts, and
sources of energy.13 Multiple types of commercial media are available, and usually protein
manufacturers further improve on these formulations in order to maximize production
yields.14 An example of a recombinant glycoprotein obtained by a genetically engineered
CHO cell line is antihemophilic factor produced in a serum-free medium with added
therapeutic grade HSA and recombinant insulin.15 However, quantifying the protein
content in these mixtures is complicated by the intrinsic complexity of the materials used.
Furthermore, differentiation between protein product and protein additives further adds to
the challenges of bioprocess monitoring.

1.1.2 Cell culture media and added supplements
Serum from animals has been commonly used to grow, maintain and proliferate
cells and can serve as media for most cell lines. Animal serum is a complex and ill-defined
mixture with seasonal and geographical variations that will lead to batch-to-batch
variations. There is a constant demand for better defined and more reliable enriched
serum-free culture media in order to develop more reproducible cell culture methods with
overall higher production yields.16-18
Every cell line has its own specific nutrient requirements, thus it is impossible to
develop a universal medium. Although basal media should suffice for some cell lines,
usually supplements are added, such as: hormones, growth factors, protease inhibitors,
protein hydrolysates, proteins, shear force protectors, lipids, antibiotics and attachment
factors. Vitamins, amino acids and trace elements are sometimes added to increase the
concentrations of those already present in mixtures.13
Hormones with growth stimulatory properties, like insulin or glucocorticoids, are
considered to be mandatory in all serum-free formulations.19, 20 Protease inhibitors, like
α1-antitrypsin and α2-macroglobulin are added to media for their protective effect on
cells.21 Protein hydrolysates are ill-defined mixtures of amino acids and small peptides,
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but are not considered essential. Lipids act as energy sources and structural constituents
for cellular membranes. Antibiotics should be avoided if possible as they lead to the
development of antibiotic-resistant microorganisms.13
Albumins like BSA are often added to serum-free media in order to replace FBS.
The role of these albumins is to facilitate cell adhesion and act as carriers for lipids and
fatty acids. It is important that albumins are of high purity in order to avoid
contamination.13, 22
An example of a starting basal media is the 50:50 vol. mixture of DMEM
(Dulbecco's Modified Eagle Medium) and Ham F12 (Table 1) nutrient mixture which
contains an enriched mixture of amino acids, salts, vitamins and other nutrients.13 This
basal medium is further supplemented with two proteins (insulin and transferrin), and the
trace element selenium.16
Improvements in culture media formulations, alongside genetically engineered
cell lines, have played a significant role in advancing BioPharma production with
bioprocess productivities having greatly improved over the past decades. For example,
while a “best case scenario” process in the 1980s would consist of a protein yield of
50 mg L–1 with cell viability of 7 days, the productivity has increased in the 2000s up to
4.7 g L–1 with cell viability1 maintained for 3 weeks with up to 100 times smaller cell
populations.5
The harvesting of a protein product from a bioprocess must be done at an optimal
time in order to maintain the product within quality and yield parameters. This is done by
the continuous monitoring of physical parameters and composition of the culture medium
during production.1 Thus, bioprocess monitoring plays an essential part in the production
of biopharmaceuticals.

1

Percentage of living cells above 60% of total cell count.
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Table 1: Typical composition of Ham F12 chemically defined synthetic medium for
mammalian cells (fluorescent molecules in bold text).23

Compound

Conc. (M)

Compound

Conc. (M)

L-Arginine HCl

1.0×10-3

Phenol red

3.3×10-6

Choline chloride

1.0×10-4

Glucose

1.0×10-3

L-Histidine HCl

1.0×10-4

L-Glutamine

1.0×10-3

L-Isoleucine

3.0×10-5

Riboflavin

1.0×10-7

L-Leucine

1.0×10-4

Sodium pyruvate

1.0×10-3

L-Lysine HCl

2.0×10-4

L-Cysteine HCl

2.0×10-4

L-Methionine

3.0×10-5

L-Asparagine

1.0×10-4

L-Phenylalanine

3.0×10-5

L-Proline

3.0×10-4

L-Serine

1.0×10-4

Putrescine dihydrochloride

1.0×10-6

L-Threonine

1.0×10-4

Vitamin B12

1.0×10-6

L-Tryptophan

1.0×10-5

L-Alanine

1.0×10-4

L-Tyrosine

3.0×10-5

L-Aspartic acid

1.0×10-4

L-Valine

1.0×10-4

L-Glutamic acid

1.0×10-4

Biotin

3.0×10-5

Glycine

1.0×10-4

Calcium pantothenate

1.0×10-6

Hypoxanthine

3.0×10-5

Niacinamide

3.0×10-7

myo-Inositol

1.0×10-4

Pyridoxine HCl

3.0×10-7

Lipoic acid

1.0×10-6

Thiamin HCl

1.0×10-8

Thymidine

3.0×10-6

KCl

3.0×10-3

CuSO4 5H2O

1.0×10-8

Folic acid

3.0×10-6

ZnSO4 ∙ 7H2O

3.0×10-6

Na2HPO4 ∙ 7H2O

1.0×10-3

NaCl

1.3×10-1

FeSO4 ∙ 7H2O

3.0×10-6

NaHCO3

1.4×10-2

MgCl2 ∙ 2H2O

6.0×10-4

Linoleic acid

3.0×10-7

CaCl2 ∙ 2H2O

3.0×10-4
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1.1.3 Bioprocess monitoring
The aim of bioprocess monitoring is to provide continuous and real-time
information about all variables relevant to a bioprocess. Efficient bioprocess monitoring
allows for increased automation and introduction of advanced control schemes (Figure 1).
When developing such analytical techniques, one must consider a minimization of
disturbances caused by measurements.24

Figure 1: Flow chart showing bioprocess production of recombinant proteins and
bioprocess monitoring.24

Regarding the position of analytical systems to the bioreactor, bioprocess
monitoring techniques can classified as: off-line, at-line and on-line. Off-line methods
refer to sample extraction and transfer to a laboratory. These kind of methods are the least
preferable as they can produce significantly time-delayed results. At-line methods refer to
methods where a sample is extracted and analyzed in close proximity to the bioreactor.
On-line methods can have in-situ or ex-situ configurations. On-line in-situ methods do not
require sampling and use sensors inserted directly into the bioreactor. On-line ex-situ
methods involve a sampling module that transports the sample to an in-line analyzer.11
There are several physical and chemical variables that can be considered the
minimum requirements for bioprocess monitoring, such as: pH, pO2, pCO2, temperature,
aeration, pressure, feed, cell mass, stirrer speed.25 Dissolved oxygen is important for
aerobic fermenters, and quantifying the dissolved oxygen is typically done by using Clarktype electrodes where the electrochemical cell is separated by a membrane permeable to
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oxygen, but impermeable to water and electrolytes.26 Cell mass or cell density can be
determined by use of on-line or in-situ optical sensors where the intensity of a single
wavelength incident light is measured after passing through a sample.27 Carbon dioxide
is a product of cell respiration and can cause changes to intracellular pH, inhibiting cell
growth and metabolism. Increasing pCO2 can have a dramatic effect on protein yields.
A threefold increase in pCO2 (compared to normal values of 50-70 mmHg) can decrease
production rated by up to 70%. Gas-permeable membrane sensors are used for in-situ
quantification CO2. These sensors measure the change in pH when CO2 diffuses across
the membrane to a glass electrode.28
Measurements of these simple variables are performed on a routine basis, but are
insufficient to properly characterize a bioprocess. To do so, more complex state variables
of a system must be known, which include: the amount of biocatalyst, quality/composition
of starting materials, products, byproducts and metabolites.25, 29
When

developing

analytical

methods

for

bioprocess

monitoring,

or

characterization of raw materials/end products, one has to take into account the possibility
of full automation and minimum analysis time in order to generate real-time information.
In-situ sensors are available for some important metabolites and substrates, but they
usually suffer from a series of drawbacks like: limited usage lifetime, surface degradation,
issues regarding sterilization and clogging of membranes.30 At-line and on-line ex-situ
systems are a popular and more reliable alternative.29
The first step in any at-line bioprocess monitoring protocol is sampling of the
biogenic broth from the bioreactor. The choice of sampling technique is important and
must be correlated with the analytical method chosen and the type of system information
that needs to be generated. More details on sampling techniques are presented in section
9.1 of Appendices. The samples are then placed into an analytical system in order to
generate information on the composition of the biogenic broth.
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1.1.4 Analytical methods used for bioprocess monitoring
When monitoring a bioprocess, one needs to track the concentrations of media
components, metabolites and proteins (products, supplements and host cell proteins). To
do so, there is an ever-increasing range of analytical tools (chromatographic,
spectroscopic etc.) developed for specific analytes. These methods have been further
coupled with “data mining techniques” in order to provide a more in-depth understanding
of the changes that occur during a bioprocess.31, 32

1.1.4.1 Flow injection analysis
Flow injection analysis (FIA) is based on the injection of small volumes2 of
extracted sample into a moving continuous carrier stream. FIA usually requires bubbleand cell-free samples that have been extracted preferably through dialysis.33 For the
determination of specific analytes, the sample must be subjected to a reaction (i.e.
enzymatic assay34) while being transported towards the detector. Cell growth and protein
precipitation are minimized due to the dilution of the medium in the carrier stream. For
proteins, a series of FIA immunoassays are also available.35 Accurate FIA is dependent
on the reproducibility of sample injection, dispersion of analytes into the stream and flow
speed.29, 30 The detectors used for concentration measurements include: amperometric,
potentiometric, NADH-fluorescence, chemiluminiscence and UV-Vis detectors.
Reinecke et al. reported an on-line FIA method for the analysis of immunoglobulin G
(IgG) where a carrier stream containing IgG is passed through a cartridge containing
protein G. IgG first binds to protein G in the cartridge and is afterwards eluted by a pH
shift and quantified with a fluorescence detector. The method is however dependent on
cartridge performance and stability.36

2

Typically between 25–50 μL
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1.1.4.2 Biosensors
Biosensors are analytical devices that consist of a biological component
(i.e. enzymes, cells, antibodies) that acts as a chemically specific receiver, and a
transducer. The biological part of a biosensor can be of either catalytic or affinity reaction
type. The transducer converts the change that occurs in the receiver into a recordable
analytical signal. Depending on the transducer, biosensors can be categorized as:
electrochemical, optical, calorimetric or acoustic.29 In-situ biosensors are faced with
several issues regarding: usage lifetime, sterilization of the immobilized biological
receptors (as heat treatment can inactivate the biological materials), the infeasibility of
recalibration and capacity for multi-analyte detection.37 Biosensors are thus more suitable
for on-line bioprocess monitoring, preferably integrated into FIA systems.29, 30, 38
Dempsey et al. described an on-line FIA system with integrated biosensor
detection for the simultaneous and continuous monitoring of lactate and glucose in
biological samples. Sampling is performed by micro-dialysis, and volumes of sample are
perfused into a continuous saline buffer flow leading to the biosensor resulting in an
amperometric signal.39

1.1.4.3 Chromatographic methods
Liquid and gas chromatographic techniques are used to separate a sample into its
constituent components that are further quantified by usually non-specific detectors (i.e.
UV absorbance at fixed wavelengths). Coupling chromatographic systems with massspectrometry detection greatly increases the sensitivity and selectivity of bioprocess
monitoring.30 Several methods have been described for not only small media components,
but also protein products.1, 29, 30 Fast protein liquid chromatography has been used in the
past for monitoring protein formation using a strong anion exchange column, but the
method could not be applied on-line.1 Affinity chromatography has been applied on-line
to monitor bioprocess protein products. An example is a completely automated on-line
system presented by Lundström et al. that monitors insulin-like growth factor 1 (IGF),
expressed by E. coli.40 Fahrner et al. showed the use of on-line reversed-phase HPLC for
separation of IGF from IGF aggregates and quantification.41
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1.1.4.4 Spectroscopic methods
Spectroscopic techniques (Table 2) are potentially non-invasive and nondestructive analysis techniques that have become increasingly popular in bioprocess
monitoring as many media and biological components give good spectroscopic responses
and simultaneous multi-component assays can be performed.42

Table 2: Overview of spectroscopic methods for in-situ bioprocess monitoring. Values are
indicative and can differ depending on equipment and applications.11

Properties
Detection
limit (ppm)
Selectivity

UV-Vis

NIR

MIR

Raman

Fluorescence

0.3

0.1-1

100-2000

25-150

<0.1

low

low

low

low

high

internal

transmittance

reflection

reflectance

gas

gas

gas

liquid

liquid

liquid

solid

solid

solid

very low

very high

low

reflectance,
Acquisition
mode

transmittance,

reflectance,

transflectance, transmittance,
internal

transflectance

emission

reflection
Sample
type

gas
liquid
solid

liquid
solid

Robustness
to sample

low

high

turbidity

The overall complexity of bioreactor samples make spectroscopic analysis
difficult, thus chemometric (or data-mining) methods are used to extract meaningful
information from spectral datasets.43 A more in-depth look at different chemometric
methods will be taken further on in this work.
UV-Vis spectroscopy is a widely used analytical technique and has been
successfully applied to biochemical systems from bioreactor monitoring11 to waste water
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analysis44. Single-wavelength measurements have been used for wastewater analysis,
where the absorbance at 254nm is correlated with the chemical oxygen demand (COD)
and total oxygen demand (TOD) parameter. UV-Vis measurements are sensitive to
turbidity, thus a second wavelength is needed to correct for scattering effects.45 More
complex assays have been reported where UV-Vis is coupled with multivariate calibration
to quantify nutrients and metabolites of mammalian cell bioprocesses (i.e. glutamine,
glutamate, glucose, lactate).46
Infrared spectroscopy techniques (NIR and MIR) are important analytical tools in
bioprocess monitoring. The main applications of IR techniques are in raw materials testing
and final product quality control. Among the most important components measured by
NIR are bio-macromolecules, moisture, glucose, fructose, glutamine, glutamate, proline,
ammonia, carbon dioxide and phosphate.25 MIR can achieve a better degree of spectral
resolution, but NIR radiation can penetrate much deeper into the sample.47 Rhiel et al.
have used in-situ MIR with partial least squares regression to selectively quantify glucose
and lactate in CHO cell cultures.48
Another vibrational spectroscopy method is Raman spectroscopy. This technique
is based on the inelastic scattering of monochromatic light upon interaction with a
molecule.11 While most of the incident light is elastically scattered (Rayleigh scatter), a
very small fraction (~10–5 %) will be inelastically scattered as the molecule undergoes a
vibrational transition and will have a shift in wavelength.49 Raman spectroscopy requires
little to no sample preparation and there is minimum interference from water molecules
in the detection of analytes. However, a high concentration for the target analyte3 is
required in order to produce a detectable signal. Also, at certain wavelengths, the
fluorescence of some molecules is more intense than Raman scattering and thus the signal
is swamped by fluorescence.47 Some examples of the use of Raman spectroscopy in
quantitative monitoring are the use by Cannizzaro et al.51 for on-line monitoring of
carotenoids in a Phaffia rhodozyma fed-batch process, and the use by Lee et al.50 for
monitoring of glucose, phenylalanine, acetate, formate and lactate in E. coli bioprocesses.
The Nanoscale Biophotonics Research group in NUIG has done extensive research on the

3

Limit of detection for glucose, acetate, formate, lactate and phenylalanine in the range of 0.1 mM, reported
by Lee et al.50
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use of Raman spectroscopy for performance monitoring of CHO cells based bioprocess
in terms of glycoprotein yield at every stage of the bioprocess52, and for characterization
and quality assessments of cell culture media components.53
Fluorescence spectroscopy methods have become increasingly popular for
bioprocess monitoring due to the intrinsic fluorescence of numerous components found
in biogenic broths, including proteins, enzymes, pigments, vitamins and free amino
acids.54-61 In general, fluorescence emission methods exhibit higher sensitivity than
absorption based methods and benefit from high SNR and larger linear ranges for
quantitative analysis.42

1.1.5 Monitoring of recombinant protein products
One of the most important parameter that needs to be routinely monitored in a
bioprocess is the protein concentration. This refers to either the total protein concentration
or the concentration of the protein product/protein supplements. Harvesting the product
at the optimum time and concentration reduces issues regarding low production yields (if
harvesting is done prematurely), or protein degradation (if harvesting is performed too
late).1
The most commonly used UV-Vis methods for protein quantification are the
Bradford, Lowry and BCA assays.62 These colorimetric methods are used for the
quantification of the total protein content and are not selective. The Bradford assay is
widely used for protein quantification due to its overall simplicity and rapidity. Proteins
are stained with Coomassie brilliant blue dye and the absorbance at 594 nm is correlated
with the protein concentration. This method suffers from interferences when applied to
quantifying protein content in bioprocess broths as other mixture components can react
with the dye or absorb light at similar wavelengths.63
The Lowry assay is comprised of two steps. The first step involves the formation
of a copper ion complex with the protein amide bonds. During this step, Cu2+ cations are
reduced to Cu+. In the second step, the complex reduces the Folin-Ciocâlteu reagent
(mixture of phosphomolybdate and phosphotungstate) while the Tyr and Trp residues are
oxidized. The reduced form of the Folin-Ciocâlteu reagent is blue colored and its
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absorbance can be measured at 750 nm. Similar to the Bradford assay, the Lowry assay is
highly susceptible to contamination by other components found in biogenic mixtures.
Usually, a protein precipitation step is applied prior to analysis in order to reduce such
interferences. The method is also highly dependent on the protein amino acids
compositions and thus it is difficult to develop standards. Direct measurement of protein
absorbance at 280nm is the fastest UV-Vis method for protein quantification, however
unless the pure protein solutions are used, the method will most likely be susceptible to
high amounts of error.64 ELISA is a plate-based assay used to detect and quantify specific
proteins. The test involves an unknown amount of antigen immobilized on a surface and
the application of an antibody (linked to an enzyme) with specificity to that particular
antigen. In the final step, a substrate is added which will interact with the enzyme and
produce a measurable, usually colorimetric, signal. The main advantage of ELISA assays
is the selectivity of antibody-antigen reactions, however long incubation periods and
extensive sample dilution steps make it difficult to generate real-time information on
recombinant protein production.1, 65
Immuno-chromatography methods have been used due to their bio-selectivity for
proteins.66 Perfusion chromatography with immuno-detection has shown applicability for
real-time protein analysis. This approach performs immunoassays in a flow-through
column format.66 Ozturk et al. presents an on-line real-time method for the quantification
of IgG by hybridoma cell lines. A perfusion chromatography station with a protein G
column was used to analyze the samples.67 The main disadvantages of this approach
towards protein quantification are interferences from medium components, column
fouling and lower sensitivity limits compared to colorimetric methods.1
Intrinsic fluorescence methods57 can represent an important alternative to the
techniques currently in use for protein quantification as they can overcome issues
regarding complexity of culture media, sample preparation, selectivity and analysis time.
Also, in addition to quantitative analysis, fluorescence methods can simultaneously
provide important protein structural information.
The research presented in this thesis makes use of fluorescence spectroscopy
coupled with chemometric data analysis to develop new methods for protein
quantification in highly complex biogenic mixtures and protein structural analysis.
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1.2 Fluorescence
Fluorescence spectroscopy is one of the most popular and useful techniques for
the analysis of biomolecules. The number of applications of fluorescence spectroscopy
has significantly grown over the years due to its significant advantages. Fluorescence
spectroscopy is a non-invasive technique, can be used with no sample contact and has
high specificity and sensitivity due to the intrinsic fluorescence of some components
found in culture media and broths.55

1.2.1 Electronic transitions and emission of light
Molecules can absorb photons to reach an electronic excited state. The general
term of “photoluminescence” refers to the emission of photons that accompanies deexcitation, and can be divided into two categories: fluorescence and phosphorescence.68

Figure 2: The Jablonski diagram (or electronic transitions diagram).69

At room temperature, most molecules occupy the lowest vibrational level of the
electronic ground state (S0). The absorption of light (photons) of appropriate energy by a
population of molecules can lead to the promotion of electrons from S0 to an excited state
(Sn). Upon excitation, molecules can reach any of the vibrational sub-levels associated
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with each electronic state. The absorption of energy takes place in discrete quanta that
should produce distinct absorption bands. Rotational levels associated with each
vibrational level further increase the number of possible transitions, thus becoming
difficult to resolve in solution individual transitions in the absorption band. Overall, the
absorption spectrum is the result of electronic, vibrational and rotational transitions.70
Molecules will return to ground state following two steps (Figure 2). In the first
step, the molecule will undergo internal conversion and electrons return to the lowest
vibrational energy level of the excited state (Sn), continuing to the lowest excited state
(S1) by dissipating part of the energy to the surrounding environment. This step generally
occurs on a time scale of 10–14 to 10–10 s. This is followed by vibrational relaxation in S1,
a process taking 10–12 to 10–10 s. 69
In the second step, the molecule can return from the excited state S1 to S0 via a
variety of competitive processes. One such process, called fluorescence, represents the
emission of a photon with a radiative rate constant. The emitted photon will be of less
energy than the absorbed one, so it will be shifted towards longer wavelengths.
Fluorescent lifetimes have time scales of 10–9 to 10–7s. There are other types of
fluorescence, such as that from the second excited singlet state (S2), but these are less
common.71
1

1

Most organic molecules have paired electrons of opposite spins (+ 2 and − 2 spin
1

1

numbers) in the ground state with an overall spin of 0 (∑ s = + 2 − 2 = 0), and a spin
multiplicity of 1 (M = 2s + 1 = 1). Fluorescence occurs from the transition between two
electronic states of the same spin multiplicity (singlet states, M = 1). If the spin of the
excited electron is inverted, the overall spin will be 1 and the spin multiplicity will be M
= 3, resulting in a triplet state (T1).72
Molecules can undergo an intersystem crossing, or spin conversion, from S1 to the
triplet state T1 of lower energy. Phosphorescence represents the emission of light from the
triplet state, and has lower energy (longer wavelengths) compared to fluorescence. This
intersystem crossing occurs in molecules where the lowest vibrational level of the excited
singlet state S1 has the same energy as the upper vibrational level of the triplet state T1.
The electron in the T1 state has the same spin orientation as the ground state electron.
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Because of this, T1S0 transitions are forbidden and thus phosphorescence lifetimes
range from milliseconds to seconds.70, 71
Other pathways of reaching the ground state include dissipation of absorbed
energy as heat (non-radiative process) and the release of energy to nearby molecules
(collisional quenching and energy transfer).69

1.2.2 Fluorophores
Fluorophores are molecules that exhibit fluorescence and they can be divided in
two categories: intrinsic or natural fluorophores (if they are part of the molecule/material),
and extrinsic fluorophores (if they are added to the molecule). The most important
intrinsic fluorophores in cell culture media consist mainly of the aromatic amino acids
(Trp, Tyr and Phe – Figure 3/Table 3), vitamins, coenzymes and their metabolites.
Trp, Tyr and Phe are responsible for the intrinsic fluorescence of proteins and can
be used as fluorescent probes for studies of protein conformation73, dynamics74 and
intermolecular interactions75. Trp dominates the fluorescence emission of proteins and is
strongly influenced by local environment. The emission maxima can shift with polarity
from as low as λem = 308 nm in non-polar environment (i.e. Trp-48 in azurin) to
λem = 355 nm in polar environments (i.e. glucagon)76. Trp emission thus represents an
important tool for determining Trp solvent exposure in proteins.77

Figure 3: Chemical structures of fluorescent amino acids and the 1La and 1Lb electronic
absorption transitions of Trp.
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Table 3: Fluorescent characteristics of aromatic amino acids (determined in 0.1M phosphate
buffer at room temperature). Data from PhotoChemCad 2.1 software and 78, 79.

Amino

Absorption

Fluorescence

Wavelength

Absorptivity

Wavelength

Quantum

(nm)

(M–1 cm–1)

(nm)

yield

Trp

280

5500

354

0.12

Tyr

274

1405

303

0.13

Phe

257

195

280

0.022

acids

Figure 4: Absorption (top) and emission (bottom) spectra of Trp, Tyr and Phe in 0.1 M
phosphate buffer solution at room temperature. Data from PhotoChemCad 2.1 software
and 78, 79.
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Emissions of Tyr and Phe in proteins are weak due to energy transfers to Trp or
neighboring amino acids. On the other hand, Tyr has a slightly higher quantum yield in
buffer solution that Trp. Phe has only a benzene ring and a methylene group and is the
least fluorescent (Table 3).69 In water solution, the quantum yields of Tyr, Trp and Phe
are 0.13, 0.12 and 0.022, respectively.80 The absorption spectra of the three amino acids
mostly overlap (Figure 4) and it can be difficult to selectively excite Trp alone when
studying proteins containing these three amino acids.69
Trp displays complex spectral properties (Figure 5) due to the 1La and 1Lb
electronic transitions with transition moments perpendicular to each other (Figure 3). The
1

La transition state is the overall main contributor to Trp emission. Upon excitation of the

1

La state, electron density is shifted from the pyrrole ring to the benzene ring resulting in

an emission shift to longer wavelengths compared to the emission from the 1Lb state.76
Tryptophan emission is highly sensitive to hydrogen bonding to the imino group. In the
presence of hydrogen-bonding solvents, emission originates from the 1La transition, and
is unstructured. In the absence of hydrogen bonding, for example in solvents like
cyclohexane, the contribution of 1Lb to the overall emission significantly increases and
the emission becomes structured.71, 81

Figure 5: Fluorescence excitation spectrum of Trp (full line) with resolved 1La (dot line)
and 1Lb (dash line) excitation spectra.82 (Image reproduced with permission of the rights
holder, American Chemical Society).
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NADH is a highly fluorescent cofactor with a maximum excitation at λex = 340 nm
and maximum emission at λem = 450 nm, while the reduced form NAD+ is not fluorescent.
Riboflavin, FAD and FMN absorb light at a maximum around λex=450nm and emit at
λem = 535 nm. The emission properties of some other important biological fluorophores
are presented in Table 4.
Table 4: Fluorescence characteristics of biological fluorophores. Values in brackets
represent minor spectral bands.83

Substance

Excitation

Emission

wavelength

wavelength

(nm)

(nm)

Lifetime (ns)

Quantum yield

2.91 (free FAD),
FAD84, 85

420-500

520-570

<0.01 (protein-

0.03

bound FAD)
FMN85

420-500

520-570

4.27-4.67

0.26

Riboflavin86

420-500

520-570

5.06

0.267

0.3 (free
NAD(P)H84, 87

300-380

450-500

NADPH), 2.0-2.3
(protein bound

0.019

NADPH)
Pyridoxine88, 89

340

400

Folic acid90

360 (290)

450 (370)

4.67
7.0 (acid form),
3.5 (base form)

0.11
<0.005

A lot of times, the molecules of interest are not fluorescent or the intrinsic
fluorescence is too weak. Various extrinsic fluorescent dyes can be used to improve
protein characterization.91 These molecules can be covalently or non-covalently labeled
with various fluorophores to produce fluorescent conjugates.
For proteins, it is preferable for the labeling fluorophore to have longer excitation
and emission wavelengths than the fluorescent amino acids so that, in a mixture, the
emission of the labeled protein would not overlap with that of unlabeled protein.92
Fluorescent dyes can be covalently attached to proteins via the ε-amino group of lysine,
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the α-amino group of the N-terminus, or the thiol group of cysteine. Other extrinsic dyes
can bind non-covalently through hydrophobic or electrostatic interactions.91 One problem
that arises with these dyes is self-quenching, when the intensity of fluorescence decreases
as the degree of labeling increases.93 One of the most commonly used fluorescent labels
is 1-anilinonaphthalene-8-sulfonate (ANS) with excitation and emission maxima at
380/505nm (water solution), and is significantly more fluorescent in nonpolar
environments than in water solution. ANS labeling has been used for studying
folding/unfolding and aggregation processes.91
The main spectral properties of fluorophores are: the Stokes shift, quantum yields,
intensity, lifetime and anisotropy. These spectral properties can be affected by local
environment, quenching, energy transfer, inner filter effects, temperature, pH, etc.

1.2.3 Spectral properties of fluorophores
1.2.3.1 Stokes shift
The emission spectrum represents the plot of the intensity of the emitted
fluorescence as a function of wavelength. The excitation spectrum is a plot representing
the light absorbed as a function of excitation wavelength.72 The energy of the emitted light
(Eem) will be lower than the energy of the absorbed light (Eex), as previously discussed in
section 1.2.1. Considering that:
hc

Eex = λ ,
ex

hc

Eem = λ ,
em

and

Eex>Eem,

then

λem >λex

Eq. 1

where λex and λem represent the maximum wavelengths for the excitation and emission
spectral peaks, the emission maximum will always be shifted towards higher wavelengths
(Figure 6). The Stokes shift represents the difference between the maximum peaks of the
excitation and emission bands.69
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Figure 6: Normalized absorption and emission bands of RhB.
Data from PhotoChemCad 2.1 software.

The Stokes shift is greater for polar fluorophores in polar environments. One
example is the protein-bound Trp where the emission spectrum is shifted towards longer
wavelengths as the Trp residue becomes more solvent exposed. This effect is of great
importance as it reveals information regarding the position of a fluorophore in the protein
structure. Burstein et al. categorized protein Trp residues in three discrete spectral classes
shown in Table 5.94
Table 5: Discrete spectral classes of protein-bound Trp residues and their fluorescence
properties.

Spectral class
Buried
(non-polar regions)
Limited water
exposure
Completely water
exposed

Emission

Stokes shift

Quantum

Lifetime

maximum (nm)

(nm)

yield

(ns)

330–332

48–49

0.11

2.1

340–342

53–55

0.3

4.4

350–353

59–61

0.2

5.4

Page 29 of 232

1. Introduction

1.2.3.2 Quantum yield
The quantum yield (ɸ) of any photophysical and photochemical process can be
defined as the ratio between the number of molecules that emit light and the total number
of excited molecules, and can have a theoretical maximum value of 1. In the case of
fluorescence, the quantum yield is the ratio between the number of photons emitted by the
radiative way and the total number of photons absorbed:

ɸF =

number of fluorescence photons emitted
number of photons absorbed

=

kr
kr +knr

Eq. 2

where kr represents the rate constant for the radiative decay, knr represents the rate constant
for all non-radiative processes. The molecules with the highest quantum yields will
display the brightest emission.
Directly measuring the fluorescence quantum yield of a compound if often
difficult and very complex, so usually these values are determined by comparison with
reference compounds which have quantum yields that have been previously determined
with high accuracy: 95

ɸ2 =

OD1 ×∑ F2
OD2 ×∑ F1

ɸ1

Eq. 3

where ɸ2, OD2 and F2 represent the quantum yield, optical density and fluorescence
(integrated over the corrected fluorescence spectra), respectively, of the compound with
unknown quantum yield, while ɸ1, OD1 and F1 represent the corresponding values for the
reference compound.
The quantum yield of Trp in proteins can vary from 0.35 to less than 0.01 and is
affected by different degrees of electron transfer from Trp to the local backbone amide.96
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1.2.3.3 Lifetime
Fluorescence lifetime () represents the average time during which molecules
remain in the excited state and ranges from picoseconds to nanoseconds (10–1210–9 s).
Fluorescence lifetime is considered an “average” time because, due to the fact that
emission is a random process, very few molecules emit photons at exactly the same time.
In the equation for fluorescence lifetime:

=

1

Eq. 4

kr +knr

the lifetime  is inversely proportional to the rate constants of the radiative and nonradiative processes. The most representative value for the fluorescence lifetime would be
the radiative lifetime r (or natural lifetime) which should be measured independently for
the radiative process only:

r =

1

Eq. 5

kr

but this is difficult to measure because of all the de-excitation processes that occur
simultaneously with emission. The radiative lifetime can be calculated from the
absorption spectrum using the Strickler-Berg equation if certain conditions are met: strong
bands (absorptivity greater than 8000 M–1 cm–1), mirror image symmetry and emission
occurring from the same state as absorption.97 r can also be calculated as the ratio between
the measured lifetime and quantum yield: 71

r =



Eq. 6

ɸ

A fluorophore can display one or more lifetimes. In the case of tryptophan,
multiple lifetimes can be observed due to structural heterogeneity, internal protein motion,
protein solvation, or the presence of two or more Trp residues in different
microenvironments of a protein.69 The main cause of Trp structural heterogeneity is the
different rotamer structures at the Cα–Cβ bond. Average lifetime values of Trp residues in
different proteins can differ by a factor of up to 100, with exponentially measured
lifetimes from 0.015 to 9.8 ns. This wide distribution of Trp lifetime is caused by the
sensitivity of Trp fluorescence to environmental conditions, solvation being one of the
most impactful.98, 99
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1.2.4 Factors affecting the spectral properties of fluorophores
1.2.4.1 Quenching
Quenching represents the decrease in fluorescence intensity due to the interaction
between the excited state of a fluorophore and the surrounding environment. Quenching
can be categorized as static or dynamic.
Dynamic quenching occurs when a quencher (Q) collides with the excited
fluorophore (F*). Dynamic quenching occurs during the lifetime of a fluorophore and is
time dependent. Upon collision, the energy of the excited state is degraded as heat (Δ):72

F ∗ (S1 ) + Q(S0 ) → F(S0 ) + Q(S0 ) + Δ

Eq. 7

Collisional quenching depopulates the excited state and will decrease the
fluorescence lifetime. The rate at which de-excitation occurs can be expressed as:69

ϑ = k q [F][Q]

Eq. 8

where [F] and [Q] represent the concentrations of the fluorophore and quencher,
respectively, and kq represents the bimolecular quenching constant. The Stern-Volmer
equation gives the ratio between the fluorescence intensity in the absence (I0) and the
intensity in the presence (I) of a quencher:
I0
I

= 1 + k q τo [Q] = 1 + k SV [Q] =

τ0
τ

Eq. 9

where kSV is the Stern-Volmer constant, τo is the fluorescence lifetime in the absence of a
quencher and τ is the lifetime in the presence of a quencher. By plotting I0/I as a function
of [Q], a linear plot is obtained if only dynamic quenching is present. Exceptions from
this linearity can be found for proteins with multiple Trp residues where each Trp has
different accessibility to the quencher. In this case, the plot showes curvatures due to
selective quenching. One common quencher of protein-bound Trp is dissolved oxygen,
which can easily diffuse in the protein structure.69, 100, 101
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Static quenching occurs by formation of a non-fluorescent complex (FQ) between
the quencher (Q) and the fluorophore (F) in the ground state:
Ka

[FQ]

F + Q ↔ FQ, where K a = [F][Q]

Eq. 10

The quencher concentration is important, as the ratio between the intensity in the
presence of the quencher (I) and in the absence of the quencher (I0) is linear vs. [Q]:
𝐼0
𝐼

= 1 + 𝐾𝑎 [𝑄]

Eq. 11

Plotting Io/I as a function of [Q] yields a linear plot where the slope is equal to the
association constant Ka. Static quenching does not affect the lifetime of the unbound
fluorophore. Dynamic quenching is diffusion dependent, while static quenching is not.
Because of this, the increase in temperature will increase diffusion/collision and the rate
of dynamic quenching, but will decrease static quenching as it will destabilize the nonfluorescent complex.69, 72
Fluorescence quenching studies can provide important information on the position
within the protein structure and solvent exposure of Trp residues.102 Trp fluorescence in
proteins can be quenched by intrinsic or extrinsic (i.e. solvent molecules) quenchers. The
accessibility of solvent molecules to Trp residues changes during different
unfolding/refolding processes, and this in turn can be observed in the quenching of Trp
residues. The intrinsic quenching mechanisms of Trp fluorescence in proteins can be
divided into: electron transfer from excited Trp to electron-accepting nearby entities (i.e.
protein backbone amides, disulphide bonds, histidine cations, cysteine anions), and proton
transfer from quenchers (i.e. neutral Tyr, protonated lysine) to electron-rich atoms of
Trp.103
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1.2.4.2 Förster resonance energy transfer (FRET)
FRET is an electrodynamic phenomenon and represents the non-radiative transfer
of energy between two molecules (a donor D and an acceptor A) that are sufficiently close
(Figure 7). The electrons of the excited donor (D*) create an oscillating electric field that
excites acceptor molecule electrons by transferring energy through resonance.104
D + hv0 → D∗ (absorption)

Eq. 12

D∗ → D + hv1 (fluorescence)

Eq. 13

D∗ + A → D + A∗ (energy transfer)

Eq. 14

The energy transfer can occur over distances up to 100Å, and thus the most
common application for FRET is measuring the distances between two sites of a
macromolecule.71 The distance at which the energy transfer is 50% efficient is called the
Förster distance (R0). FRET is influenced by three parameters:
 the distance between donor and acceptor (R);
 the spectral overlap between the emission spectrum of the donor and the absorption
spectrum of the acceptor;
 the alignment between the donor excited state dipole and acceptor fundamental state
dipole.69, 105

Figure 7: Representation of FRET occurring in a protein between a donor (D) and an
acceptor (A) at a distance R from each other.
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The distance between the donor and acceptor (R) is calculated as:
1

R=

1−E 6
R0 ( )
E

Eq. 15

where E represents the efficiency of donor de-excitation by means of energy transfer, and
is calculated as:

E=1−

I
I0

=1−

ϕ
ϕ0

=1−

τ

Eq. 16

τ0

where I0, ϕ0 and τ0 represent the fluorescence intensity, quantum yield and lifetime in the
absence of the quencher and I, ϕ and τ in the presence of the quencher.69 The Förster
distance can be calculated for any pair of fluorophores, using the following equation:
17

R 0 = [2.8 × 10

2

1
6

k ɸD εA J(λ) ] nm

Eq. 17

where k represents the angle between the donor and acceptor dipoles, ɸD is the donor
quantum yield, εA is the maximal acceptor extinction coefficient, and J(λ) is the spectral
overlap integral between the normalized donor fluorescence (FD) and the acceptor
excitation spectra (EA):104

J(λ) = ∫ FD (λ) EA (λ) λ4 dλ

Eq. 18

Site specific non-natural fluorescent molecules have been used as acceptors with
Trp as donor to measure FRET and to determine inter-molecular distances in proteins.
Table 6 shows some examples of FRET pairs using Trp as donor. Introducing foreign
fluorophores in the protein structure can modify the function of the native protein.
Tyr-Trp pairs have also been used to measure FRET. In this case, Trp acts as an acceptor
while Tyr is the donor. Tyr-Trp pairs have a short FRET efficiency range with
R0 = 10–15 Å.
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Table 6: Förster distances (R0) using Trp as donor/acceptor.105, 106

Donor

Acceptor

R0 (Å)

Trp

nitrobenzoyl

16

Trp

dansyl

21

Trp

anthroyl

25

Trp

heme

29

Trp

dinitrobenzenesulfonyl

33

Tyr

Trp

10–15

Trp

Trp (homo-FRET)107

5.8–10.5

Eisenhawer et al. have used the Tyr-Trp FRET pair to measure the distance
between helices in the M13 transmembrane procoat protein, where the donor Tyr and
acceptor Trp were located in different helices.106 Generally, as a protein unfolds and the
Tyr-Trp FRET efficiency is reduced and a slight increase in the contribution of Tyr to the
overall fluorescence is expected.108

1.2.4.3 Inner filter effect (IFE)
In the case of most fluorescence spectrometers, the emission is detected at the
center of the cuvette4. The light will travel through half the length of the cuvette to excite
the center and then the emission beam will have to travel another half of the cuvette length
before reaching the detector. Because of this, the intensity of fluorescence emission will
be reduced by any compound present in solution that can absorb part of either the
excitation or the emission energy across the light path. This affects the use of fluorescence
for quantitative analysis by limiting the usable concentration range. The IFE can thus be
defined as the auto-absorption of light by the sample. The effect of absorbing light before
reaching the center of the cuvette is called the primary IFE, while the re-absorption of
emitted light is called secondary IFE. If the sample does not absorb light at the emission
wavelength, the secondary IFE is negligible.109

4

For a standard 1cm × 1cm cuvette.
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The fluorescence intensity (I) can be corrected for primary IFE using an equation
that takes into account the optical densities of the excitation (ODex) and emission (ODem)
paths:69

Icorrected = Irecorded × 10(ODem+ODex)⁄2

Eq. 19

The primary IFE can also be minimized by use of dilute solutions. However, for
the secondary IFE a different approach must be taken. Chemometric calibration models
have been proposed that allow for the accurate prediction of analyte concentration in
multi-component mixtures with significant secondary IFE.110

1.3 Fluorescence anisotropy
Irradiation of fluorophores with polarized light can result in emission which is
partially polarized. The degree of polarization is related to the rotation of a molecule
during its fluorescence lifetime. This led to the development of fluorescence anisotropy
and fluorescence polarization techniques (which can be considered nearly equivalent)
which have gained increased popularity in biochemical research and medical testing. Most
notably, the ability to homogeneously analyze bound and unbound ligands without the
need for separating them led to the development of numerous biochemical assays.111, 112

1.3.1 Polarized light, photo-selection and fluorophore rotation
To better understand fluorescence anisotropy, one must first understand the
concept of polarized light. Light is an electromagnetic radiation composed of photons that
behaves as a wave. While photons are traveling through space, they generate both an
electric and a magnetic field. The electric field oscillates in all directions and is orientated
perpendicular to the direction of light propagation, and orthogonal to the magnetic field.
If the orientation of the electric field does not change while light travels through space,
then the light is considered to be linearly polarized. Polarizers are optical devices that can
isolate one direction of the electric field (Figure 8).112
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Figure 8: Polarization of light using a vertical polarized. Black arrows represent the
orientation of the light electric field.

When a fluorophore absorbs a photon, an electron will be excited from the ground
state to an excited state. This displacement of charges will create a transient dipole, also
called an absorption dipole. Depending on the excited state, a molecule can have one or
several absorption dipoles, as is the case of naphthalene, anthracene, pyrene and other
such molecules.113

Figure 9: a) Photo-selection of a randomly distributed population of fluorophores by
vertically polarized light. b) Influence of angle between absorption dipole (dash arrow) and
electric field (solid double arrow) on probability of absorption.

In order for a molecule to absorb a photon, its absorption dipole has to be
orientated parallel to the electric field vector of the polarized light. In a population of
randomly orientated fluorophores, those with absorption dipoles of similar orientation to
the electric field will be preferentially excited. This phenomenon is known as photoselection (Figure 9a). If the absorption dipole of a fluorophore is orientated perpendicular
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to the electric field, then excitation will not occur. In general, the closer the angle between
the absorption dipole and the light’s electric field is to 0º, the higher the probability of
excitation will be (Figure 9b).112, 114
During the time between excitation and emission (fluorescence lifetime), the
orientation of fluorophores can change due to molecular mobility in solution. This means
that the orientation of the emission dipole will not be collinear with the excitation one and
thus the emitted light will be differently polarized compared to the absorbed light
(Figure 10).

Figure 10: Depolarization of emitted light due to rotation of excited fluorophore during its
fluorescence lifetime.

Figure 11: Illustration of the change in angle between excitation (solid arrow) and emission
(dash arrow) dipoles for a fast rotating fluorophore and a slow rotating protein bound
fluorophore.
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As the rotational speed of a fluorophore increases, so will the angle between the
absorption and emission dipoles. For example, a fluorophore in a rigid environment
excited with vertically polarized light will emit light of greater intensity over the vertical
axis than the horizontal axis. If the same fluorophore is in a less restrictive environment,
then the emitted light will increase over the horizontal axis (Figure 11).112, 115

1.3.2 Anisotropy and polarization
Anisotropy (r) and polarization (P) are measures of the degree of emission
depolarization with respect to excitation. Anisotropy and polarization are calculated from
the fluorescence intensities when the excitation and emission polarizers are parallel (I||)
and perpendicular (I⊥) to each other:

𝑟=
P=

I|| −I⊥

Eq. 20

I|| +2I⊥
I|| −I⊥

Eq. 21

I|| +I⊥

Instruments will generally have different sensitivities for the two different
polarization directions, so a correction factor G (or instrument sensitivity ratio between
vertical and horizontal polarized light) is introduced into Eq. 21:

𝑟=

IVV −G×IVH

Eq. 22

IVV +2×G×IVH

G=

where

IHV

Eq. 23

IHH

IVH represents the intensity of horizontally polarized fluorescence emission with
vertically polarized excitation light. The same applying for IVV, IHH and IHV. A G-factor
value of 2, for example, means that the detector’s sensitivity towards vertically polarized
emitted light is twice as good compared to horizontally polarized light. Anisotropy and
polarization are interchangeable:112

P=

3𝑟
2+𝑟

and

Eq. 24
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𝑟=

2P

Eq. 25

3−P

Considering that  represents the angle between the absorption and emission
dipoles, the probability of light absorption will be a function of cos2θ. Anisotropy and
polarization can also be expressed as:

𝑟=
P=

3cos2 −1

Eq. 26

5
3cos2 −1

Eq. 27

cos2 +3

Typical steady-state anisotropy values range from -0.2 to 0.4. The relationship
between anisotropy, polarization and  is shown in Table 7. The maximum anisotropy
corresponds to molecules that are immobile with co-planar excitation and emission
dipoles, while the minimum value corresponds to molecules with unrestricted motion.
The majority of fluorophores show anisotropy values lower than 0.4 as the excitation and
emission dipoles are almost never collinear. The angle  = 54.7°, at which r and P are 0,
is called the “magic angle” and by setting the polarizers orientations at this angle, true
unpolarized light intensity is measured.116
Table 7: Anisotropy and polarization values at different angles between excitation/emission
dipoles.69



0°

45°

54.7°

90°

r

0.40

0.10

0.00

-0.20

P

0.50

0.143

0.00

-0.333

Anisotropy and polarization measure the same process and provide the same
information about the analyzed system. Anisotropy is generally preferred instead of
polarization because it contains the total intensity in its formula (I|| + 2I⊥). This means that
in the case of anisotropy, the difference between I|| and I⊥ is normalized by the total
intensity.112
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Figure 12: Representation of emission dipoles in the absence (black) and presence (red,
wider angle) of molecular rotation leading to intrinsic (r0, P0) and observed (r, P)
anisotropy/polarization values.

The observed anisotropy and polarization (r and P) are determined by an intrinsic
factor (r0 and P0, based on the angle between absorption and emission dipoles when
molecules don’t show any motion) and an extrinsic factor (molecular rotation during the
fluorescence lifetime) (Figure 12). The observed r and P values will be lower than the
intrinsic ones.
The intrinsic polarization of a fluorophore can be measured in vitrified solution.
The relationship between the observed (P) and intrinsic (P0) polarizations is given by the
Perrin equation117:
1
P

1

1

3

P0

− =(

1

RT

1

1

τ

− ) (1 + τ0 ) = ( − ) (1 + 0 )
3
ηV
P
3
t
0

c

Eq. 28

where R is the gas constant, T is the absolute temperature, V is the molecular volume of
the fluorescent molecule, τ0 is the lifetime of the excited state, η is the medium viscosity,
and tC is the rotational correlation time of the molecule. P is equal to P0 when T/η→0.
From the Perrin equation it can deduced that polarization can be increased by lowering
the temperature or increasing the solvent viscosity.117 The Perrin equation can also be
written as:
1
𝑟

=

1
𝑟0

τ

(1 + t 0 )

Eq. 29

C
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Time-dependent anisotropy decays provide information on rotational and
diffusive motions of macromolecules and are typically multi-exponential functions that
can be expressed as:
t

𝑟(t) = ∑ 𝑟0 exp (− ) + r∞
t

Eq. 30

C

where r∞ is the limiting anisotropy.116

1.3.3 Anisotropy spectra
The anisotropy spectrum of a fluorophore represents a plot of anisotropy versus
the excitation or emission wavelength (Figure 13). Four differently polarized
excitation/emission spectra are needed to generate an anisotropy plot. The highest
accuracy for anisotropy values is obtained in spectral regions close to the
emission/excitation maximum. In spectral regions of low emission, where the SNR
decreases, the anisotropy values will be less accurate (i.e. the r-values of RhB at
λem > 620 nm, Figure 13).

Figure 13: Polarized fluorescence emission spectra (HH, HV, VH and VV) and the
calculated anisotropy (black dots) of 1 μM Rhodamine B in 95% glycerol solution at 10 °C.
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Although fluorescence anisotropy/polarization is a well-established technique,
most studies and assays make use of either single wavelengths anisotropy, or
2-D anisotropy spectra.5 Few studies have been reported in which anisotropy is calculated
using polarized multi-dimensional fluorescence spectra.

Figure 14: a) Polarized EEM spectrum (excitation and emission polarizers orientated
parallel to each other), and b) anisotropy-EEM spectrum of RhB in 100% glycerol.118
(Image reproduced with permission of rights holder, Society for Applied Spectroscopy).

One of the first such studies was reported by Destrampe et al.118 where the
instrumentation for polarized Emission Excitation Matrix measurements was presented.
A RhB solution was used to show how an anisotropy-EEM is generated, and a mixture of
fluorescent dyes (Coumarin 460, Rose Bengal and Cresyl Violet) was used to demonstrate
the resolution capabilities of polarized EEM. For anisotropy-EEM calculations, the author
made use of the simplified anisotropy formula (Eq. 20) which does not take into account
the G-factor that compensates for the polarization bias introduced by the instrument
geometry. Practically, in the study presented by Destrampe et al. only two differently
polarized EEM spectra were collected for each sample (one where the excitation and
emission polarizes are aligned parallel , Figure 14a, and one in which they are aligned
perpendicular to each other) instead of four (HH, HV, VH and VV polarized). This lead
to significant amounts of error in the anisotropy EEM. In the case of Rhodamine B, the
authors obtained anisotropy values that were constant only in spectral regions of +/- 5 nm
5

Anisotropy calculated at a single excitation or emission wavelength.
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from the emission maximum and decreased to less than half in regions where the intensity
was lower than 30% of the maximum emission (Figure 14b). For the research presented
in this thesis, the G-factor was taken into consideration and this in turn led to more
accurate anisotropy measurements with RhB anisotropy values that were constant across
the entire emission space (further details in chapter 3).
Nishiyama et al.119 also used polarized-EEM and anisotropy-EEM to analyze solid
samples of spin-coated polymeric thin films, however the anisotropy plots obtained were
significantly complicated by scattering and overall add little to the understanding of the
photophysical behavior of emitting fluorophores.

1.3.4 Applications of fluorescence anisotropy
Fluorescence anisotropy measurements are ideal for monitoring binding assays, as
the interaction of proteins with other molecules generally occur with a change in the
molecular rotational speed and thus anisotropy of a fluorophore. A macromolecule-ligand
complex will rotate more slowly and will exhibit higher anisotropy. Table 8 displays the
different types of binding assays that can be monitored using fluorescence anisotropy.

1.3.4.1 Binding equilibrium assays
LeTilly et al.120 have used steady-state fluorescence anisotropy to measure in
solution the binding equilibrium between a bacterial repressor protein (Trp repressor) and
an oligonucleotide labeled with fluorescein. The dissociation constant of the simple
protein-DNA binding model was found to be 0.73 nM. The dissociation constant was
obtained from the titration plot, where anisotropy increases upon titration of
oligonucleotide with the Trp repressor protein from an initial r = 0.083 (corresponding to
just fluorescein labeled oligonucleotide) to r = 0.115 at 10 mM repressor protein.
Deprez et al.121 studied the dissociation of the multimeric form HIV-1 integrase
upon binding to DNA by time-resolved fluorescence anisotropy. The rotational
correlation time was calculated from the anisotropy decay and is directly related to the
apparent volume of the complex. The HIV-1 integrase is characterized by a high order
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oligomeric form with a long rotational correlation time (tc = 90–100 ns), and undergoes a
dissociation upon binding to DNA as seen from the shorter tc < 30 ns.
Another example of the use of fluorescence anisotropy for studying binding
equilibriums is the work done by Ozers et al.122 on the interaction of estrogen receptor
with DNA sequences known as estrogen response elements. Anisotropy measurements
were able to differentiate between the affinities of estrogen receptor to consensus and
mutated estrogen response elements.
Table 8: Biochemical assays monitored by fluorescence anisotropy. F – fluorophore. (-)
represents a covalent bond. (:) represents a non-covalent interaction.111

Type of assay

Description

120,

Direct binding

F-ligand + receptor ↔ F-ligand:receptor

assay
Competition

F-ligand + receptor ↔ F-ligand:receptor

binding assay

inhibitor + receptor ↔ Inhibitor: receptor
enzyme

F-substrate →

Direct immunodetection

F-product

substrate →

Competitive

Protease assay
(size reduction)
Incorporation of
labeled nucleotide

124

125

product

product + antibody ↔ product: antibody

126

F − product + antibody ↔ F − product: antibody
F − small substrate + large substrate

Transferase assay

123

F − product + antibody ↔ F − product: antibody
enzyme

immuno-detection

Ref.

enzyme

→

127

F − small substrate − large substrate
protein − Fn → n peptide − F

F − nucleotide + primer + template
enzyme

→

Page 46 of 232

F − oligonucleotide

128

129

1. Introduction

1.3.4.2 Enzyme activity
Enzyme flexibility and intramolecular mobility can affect different enzyme
properties like activity or stability. Less hydrated enzymes tend to be more rigid.
Restricted flexibility increases thermal stability but lowers activity. Direct measurements
of enzyme flexibility are rare and use complex and expensive techniques like solid state
NMR.130 Fluorescence anisotropy is thus an ideal technique for such studies.
Broos et al.131 used time-resolved fluorescence anisotropy to determine the
rotational correlation times of α-chymotrypsin and subtilisin Carlsberg suspended in dry
organic solvents. The enzyme activity was seen to increase when small amounts of water
were added. From the fluorescence anisotropy decay two independent motions were
described: the rapid internal motion of the fluorophore within the protein and the rotation
of enzyme aggregates. The internal motion and rotational correlation time of the
fluorophore was then correlated with the enzyme hydration level and enzyme
enantioselectivity.

1.3.4.3 Phase studies
Suzuki et al.132 have applied steady-state fluorescence anisotropy to the study of
peptide-induced perturbations in the order and dynamics of cellular membranes. Amyloid
β-peptide (Aβ) decreases fluidity in membranes and its accumulation leads to Alzheimer
disease. The fluorescence anisotropy of diphenylhexatriene (DPH) greatly increases on
addition of amyloid β-peptide (Aβ) to DPH containing membranes, and has been used to
study the effect of Aβ on membrane fluidity.
Ito et al.133 made use of steady-state fluorescence anisotropy of NBD (7-nitrobenz2-oxa-1,3-diazol-4-yl) labeled phospholipids to investigate the behavior of lipid probes
inserted into DMPG (dimyristoyl phosphatidylglycerol) vesicles that undergo gel to liquid
phase transitions at 23°C. DMPG vesicles are important components of bacteria
membranes and consist of a fluid enclosed by a lipid bilayer membrane.
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1.4 Multi-dimensional fluorescence (MDF) spectroscopy
For samples containing multiple fluorophore, conventional 2-D fluorescence
spectroscopy where the emission spectra is collected for one excitation wavelength, may
not be suitable for analyzing of all fluorophores. To do so, a multi-dimensional approach
is preferable. MDF methods increase the information content and have gained increased
popularity due to their ability to simultaneously characterize multiple components in
complex biogenic samples.134

1.4.1 Emission-excitation matrix (EEM)
An EEM can be obtained by collecting a series of emission spectra at multiple
fixed excitation wavelengths (Figure 15a). The result is a matrix where every row/column
represents and excitation or an emission spectrum. Each data point in the EEM represents
the fluorescence intensity for a specific pair of excitation and emission wavelengths. An
EEM is usually represented by plotting the emission wavelength on the x-axis, the
excitation wavelength on the y-axis and the fluorescence intensity on the z-axis.
Raw EEM spectra contain additional spectral information, like Rayleigh scatter
and Raman scatter (Figure 15), which can provide important information about the
chemical and physical properties of the sample. Vidal et al. describe a method where flow
injection analysis was coupled with Rayleigh light scattering detection to quantify the
total content of proteins labeled with bromothymol blue dye.135 Although for certain
analytical methods these types of scatter may be useful, when dealing with fluorophores
they interfere with the fluorescence emission and overcomplicate the spectra.136
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Figure 15: Typical a) EEM and b) TSFS contour plots6 of a 5 mg mL–1 yeastolate solution,
showing the emissions of fluorescent components and the 1st and 2nd order Rayleigh bands.
The TSFS plot was converted from EEM.

The 1st order Rayleigh band represents the non-elastic scatter of the incident light
and appears at equal excitation and emission wavelengths (λex = λem).137 This is because
the energies of the incident and emitted photons are equal. The 2nd order Rayleigh band
occurs at λex = 2 × λem, due to the grating effect.136
Raman scatter involves the non-elastic scatter of incident photons by molecules in
the sample with the incident photons either loosing energy (Stokes), or gaining energy
(anti-Stokes) by interaction with the vibrational modes at the molecules. The effect is very
weak and is generally not observed with strongly fluorescent molecules. However, if the
emission is weak then one can observe Raman scatter from the most abundant species
present (i.e. the solvent). In EEM spectroscopy, the most likely band being observed
originates from O–H bonds. The center line of the Raman band is at a constant
wavenumber shift compared to the Rayleigh scatter.138 The energy difference between the
1st order Rayleigh and the Raman band is dependent upon the solvent.139
Because these bands appear diagonally on the EEM plot and do not behave trilinearly (the shape and position of the peaks change with excitation wavelength), it is
preferable that these bands be removed before chemometric analysis. There are several
ways of dealing with scatter effects when modelling the data: subtracting the EEM of a

Usually TSFS plots are represented with λex on the x-axis, however in this case we kept λex on the y-axis
in both EEM and TSFS for a better visualisation of the differences between the two plots.
6
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solvent blank, inserting of missing values (or zeroes) outside the data area, specific
modelling of scatter, or constraints in the chemometric decomposition.138

1.4.2 Total synchronous fluorescence spectroscopy (TSFS)
In the case of TSFS, both the excitation and emission monochromators are scanned
simultaneously (Figure 16). A tridimensional spectrum is obtained by applying a
wavelength offset (Δλ = λem – λex), meaning that the excitation and emission are scanned
simultaneously with different intervals between them. The TSFS landscape (Figure 15b)
is obtained by plotting the excitation wavelength on the x-axis, the wavelength offset Δλ
on the y-axis, and the fluorescence intensity on the z-axis.
Constant wavelength synchronous fluorescence spectroscopy is the most
frequently used and the simplest form of TSFS. In this case, the wavelength interval Δλ
between excitation and emission is maintained constant for the entire scan. One other
variation of TSFS is variable-angle synchronous fluorescence spectroscopy, in which
excitation and emission modes are scanned simultaneously, but at different rates. In this
case, Δλ does not remain constant during a scan.140
Even though TSFS does not yield better resolved spectra compared to EEM, it
does shows some important advantages over EEM that makes it an interesting and useful
alternative. One major advantage of TSFS over EEM is reduction of the scanned spectral
range. In the case of EEM, a significant part of the emission landscape does not contain
any useful analytical information. These are the EEM spectral regions where the
excitation wavelength is longer than the emission wavelength λex > λem (Figure 15a, left
side of 1st order Rayleigh band). This region is not included in the TSFS spectrum as the
wavelength offset Δλ = λem – λex will always be positive.140, 141
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Figure 16: Scanning of excitation and emission modes (red lines) in a) EEM, and b) TSFS;
c) representation of TSFS emission landscape. Blue line represents 1st order Rayleigh
scatter.

Another advantage of TSFS is the ease of eliminating Rayleigh scatter.141 In the
EEM landscape, the Rayleigh scatter is positioned diagonally and thus can only be
eliminated by computational means. In TSFS, the Rayleigh scatter appears as a horizontal
line at Δλ = 0 nm (which corresponds to λex = λem) and can easily be removed by means
of selecting a wavelength offset Δλ greater than 10 nm. However this does not apply to
2nd order Rayleigh or Raman bands.
A drawback of TSFS compared to EEM relates to the trilinearity of data, an
important feature when coupling with multivariate data analysis methods. EEM datasets
(sample × ex × em) are trilinear while TSFS datasets (sample × ex × Δλ) are not. In EEM
datasets, the spectral profile of an ideal fluorophore does not change over the other two
modes. In TSFS, the spectral profile of a fluorophore can change depending on Δλ. One
solution for this is the unfolding of TSFS datasets over one mode to obtain bilinear
datasets.142 Schenone et al. have applied unfolded partial least squares and multivariate
curve resolution for modelling strong spectral overlapping TSFS data.143 Kumar et al.
have used PARAFAC, a spectral deconvolution method aimed specifically towards
trilinear data, to analyze TSFS data by first converting it into EEM layout followed by
reconversion in TSFS format of the pure extracted spectral profiles.144
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1.5 Chemometric methods
The term “chemometrics” was coined around 1971 and represents an
interdisciplinary field that brings together numerical analysis with chemistry, and has vast
applications in the field of analytical chemistry.145
The main steps taken in any analytical process are: experimental planning, method
selection, experimental design, data collection, data analysis and results output.
Chemometrics is largely involved in experimental design and data analysis, but also inputs
at other stages. Recent advances in instrumentation and data collection have dramatically
increased the amount of data that can be obtained from a chemical system, with emphasis
moving from the determination of a single analyte to multi-component analysis.146, 147
MDF spectroscopy generates highly complex spectra with overlapping bands that
contain chemical, physical and structural information about all observed fluorophores in
a sample. The extraction of analytical information requires the assistance of multivariate
analysis techniques that relate the analytical variables to the properties of the
fluorophores.148 The type of analysis required depends on the question being asked. For
example, if one needs to assess the differences in samples, relatively simple methods like
multi-way versions of PCA can be used. On the other hand, if more specific information
is needed, like which fluorophore contributes and chances the most in a selection of
samples, then factor based methods like MCR and PARAFAC are prefered.149, 150

1.5.1 Multi-way data
Spectroscopic data can be one-way or multi-way (two-way, three-way etc.)
(Figure 17). If a measurement generates a single value, and the procedure is repeated a
specific number of times to determine the reproducibility, then we are dealing with oneway data. Some examples are the absorbance obtained at a specific wavelength, or the
volumes needed for a titration. An UV-Vis spectrum is a typical example of a two-way
data set (I × J matrix) consisting of “I” absorption values at “J” wavelengths. Other
examples include IR and Raman spectra. If one measurement generates a table of values
(I × J matrix), then making “K” measurements will generate a three-way dataset
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(K × I × J). An example of this is a EEM dataset with “I” excitation wavelengths, “J”
emission wavelengths and “K” samples.151

Figure 17: Schematic representation of one-, two-, and three-way data.

In a two-way data matrix, the columns (J) represent variables and the rows (I)
represent objects. In the case of three-way data, each horizontal slice represents the data
for one object. “J” variables are also called type 1 variables, and “I” type 2 variables.
Vertical slices hold the data of one variable of type 1, while frontal slices hold the data of
one variable of type 2 (Figure 18). In the case of an EEM dataset, the emission wavelength
will be the type 1 variable, excitation wavelength will be the type 2 variable, and each
horizontal slice represents the EEM landscape of a specific sample. Some three-way data
arrays can have two, or even three object modes.151

Figure 18: Slicing in three-way data.

Variables can be homogeneous or heterogeneous. Homogeneous variables are
measured on the same instrument and have the same scale. This is the case of spectroscopy
where the absorbance/intensity values measured at different wavelengths use the same
scale. Heterogeneous variables are collected using different analytical techniques or
instruments and will have different scales (ex: temperature, humidity). In this case, the
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data is usually scaled because the measured variables could have significantly different
numeric values. Unscaled data would lead to unreliable models that would reflect mostly
those variables that have higher numerical values.

1.5.2 Principal component analysis (PCA)
PCA is used for sample variance analysis, grouping of objects, observing outliers
etc. The main idea behind PCA is to reduce the dimensionality of a dataset with a large
number of inter-related variables while retaining as much as possible of the variation.152
Basically, PCA reduces the dimensionality of complex data into a smaller subset of
orthogonal principal components (PCs). These PCs represent the variation in the data and
make it easier to assess the differences and similarities between samples. The coordinates
of the samples in the new lower-dimensional space are called scores. The new dimensions
represent linear combinations of the original variables and are called loadings.146
Figure 19 shows a very simple example of a group of samples in a 2-dimensional
space that is reduced to one-dimension by projection onto a straight line. There is an
infinite possibility of lines on which projection is possible, but in PCA the line is chosen
in such a way that the projection preserves as much as possible the data structure from the
2-dimensional space.152, 153

Figure 19: Reduction from two to one-dimensional space of a group of 8 samples with two
variables (x and y). The red dots represent the orthogonally projected data.
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If X is a data matrix of size m (rows) × n (columns) of rank r where each variable
is a column and each sample is a row, then PCA will decompose matrix X into the sums
of t and p:
X = t1 p1 T + t 2 p2 T + ⋯ + t k pk T + ⋯ + t r pr T

Eq. 31

The t and p pairs are ordered by the amount of variance captured. t1p1T is the
variance explained by the first factor, and so on. “t” vectors are called scores and show
how samples relate to each other, and “p” vectors are called loadings and show how
variables relate to each other. For any t and p pair:
Xpi = t i

Eq. 32

so that a scores vector ti is the projection of X onto pi.
PCA relies on the eigenvector decomposition of the covariance matrix of X,
defined as:

cov(X) =

XT X

Eq. 33

m−1

In PCA decomposition, the pi vectors will be eigenvectors of cov(X). λi is known
as the eigenvalue associated with the eigenvector pi so that for each pi:
cov(X)pi = λi pi

Eq. 34

and is a measure of the variance associated with every ti and pi pair. The t1 and p1 pairs
are arranged in descending order of their associated λi:

λi =

T
pT
i X Xpi

Eq. 35

pT
i pi

The aim of PCA is to pick the first k principal components (PCs) (k=1, 2, …i) with
k ≤ min(m,n) that are relevant to the variables of interest. The number “k” of components
is determined by observing the significant eigenvalues or eigenvector analysis. For ideal
data, free of noise, the number of eigenvalues larger than 0 is equivalent to k. In the case
of real data, which is contaminated by noise, the number of eigenvalues larger than 0 will
be higher than k. In this case, some noise can be extracted from the data by selecting only
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the first “k” principal components, but the noise contained by the first k PCs is still
retained.154
Figure 20 shows a graphical representation of PCA where three variables (x, y and
z) have been measured for a group of samples and plotted in three dimensions. All samples
are enclosed in a planar ellipse where the direction of the major axis is represented by the
first principal component and describes the direction of the greatest variation in the data
set. The minor axis of the ellipse is represented by the second principal component and
describes the direction of the second greatest variation.155

Figure 20: Graphical representation of PCA. Eclipse represents the confidence limit.155

Sikorska et al.156 used synchronous fluorescence spectroscopy and PCA to
monitor the changes that occur in beer during storage. The distribution of samples in the
scores plot (Figure 21a) shows clustering depending on storage conditions. The loadings
on PC1, corresponding for 83% of the total variance, indicate that a significant part of the
variation may be caused by flavins, especially riboflavin which has an emission maximum
at 489nm. The main changes that occur in scores over PC1 can be attributed to the photodegradation of riboflavin. However, the loadings from PCA components are often not
very informative with regards to chemical species.
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Figure 21: a) PC scores and b) loadings plots of PCA model of synchronous fluorescence
spectra of: (1) – fresh beer samples, and beer samples stored for 21 days in (2) – darkness
at 4 °C, (3) – darkness at 22 °C and (4) – exposed to light at 22 °C.156 (Image reproduced
with permission of the rights holder, Elsevier).

1.5.3 Multivariate curve resolution (MCR)
MCR (also known as MCR Alternating least squares regression or MCR-ALS) is
a chemometric tool used for the resolution of unresolved and unknown multicomponent
mixtures when no prior information on the nature and composition of the mixture is
available.157
1.5.3.1 MCR decomposition
MCR decomposes a two-way data matrix into the product of two smaller matrices.
MCR looks for the possible solutions that have chemical and physical meaning as to find
the true causes of data variation. The two product matrices contain significant
physical/chemical characteristics of individual components in the data (i.e. spectral and
concentration profiles).158 A component can be defined as an entity that gives a distinct,
real and pure response that can be chemically interpreted. In the case of fluorescence
spectroscopy, a component can be one or a group of fluorophores in a mixture.
The bilinear decomposition of an experimental data matrix D of size a × b that
contains the raw measurement of all the components (Figure 22) will give the following
output:
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D = CS T + E

Eq. 36

Figure 22: Resolution of multi-component data matrix with MCR.

Matrix C (a × n) describes how the contributions of “n” components change in the
“a” rows of the original data matrix, and is referred to as the “concentration profiles”.
Matrix ST (n × b) describes how the responses of the “n” components change in the “b”
columns of the original data matrix, and is referred to as the “pure spectral profiles”.
E (a × b) is an error matrix of the same size as the original data matrix and contains the
data variance unexplained by CST and is not related to any chemical contribution.157
Figure 23 illustrates an example of the output generated by the MCR analysis of a dataset
containing polarized EEM spectra of yeastolate.
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Figure 23: Left: Example of yeastolate EEM spectra of 5 mg mL–1 yeastolate in buffer
solution over HH, HV, VH and VV polarization settings (top to bottom, after Rayleigh
scatter removal) used for MCR analysis. Representation of “concentration profiles”
(bottom right) and spectral profiles (top right) extracted from MCR model. The MCR
model was not optimized and was generated by the author solely to illustrate the output of
MCR analysis.
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The original data matrix can be reconstructed from the pure component:

D = D1 + D2 + … + Dn = ∑ni=1 Di

Eq. 37

Di = ci siT

Eq. 38

where Di is the signal matrix of a single component, ci is a unit concentration profile (one
column of matrix C) and siT is a unit pure spectral profile.149
The approaches towards resolution can be iterative or non-iterative. In most noniterative methods, the concentration or spectral profiles are recovered one at a time, and
the other member of the CST pair is obtained afterwards through a single least squares
step. Window factor analysis (WFA) is the most commonly used non-iterative method.
WFA makes use of the entire data matrix and the subspace where the component to be
resolved is absent. Projection of the original data matrix onto the subspace where the
component is absent generates a vector containing the component’s spectral variation that
is uncorrelated to all other components. This spectral information correlated with the
original data matrix will produce the concentration profile of the component.149, 159
Iterative resolution methods are most commonly used with MCR analysis. These
methods start with initial estimates of C and ST that are refined through multiple cycles of
alternating least squares optimization. The initial estimates evolve to chemically
meaningful shapes according to the information introduced in the optimization process in
the form of constraints. The iterative process stops when the number of cycles is exceeded
or the fit reaches a certain value.158 An example of such a method is Iterative Target
Transformation Factor Analysis (ITTFA). This method starts by calculating a PCA model
of the original data matrix:

D = TPT

Eq. 39

where T represents the scores matrix and PT the loadings matrix. These two matrices can
be considered abstract concentration and spectral profiles. The scores matrix T can be
transformed into the concentration profiles matrix through a target transformation matrix
(R) of size n × n:
C = TR

Eq. 40

and ci = Tri

Eq. 41
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The next step involves choosing approximate concentration profiles as targets (ci0)
so that the columns in the transformation matrix can be written as:
ri0 = (T T T)−1 T T ci0

Eq. 42

to generate an estimate ri0. Substitution of ri0 into equation 41 generates a new vector ci1.
The process is repeated k times until cik (the final concentration profile) that meets the
following relation is obtained: 160

‖cik − cik−1 ‖ < given constant

Eq. 43

1.5.3.2 Ambiguities and constraints
The concentration and spectral profiles extracted by MCR may differ from reality
because the mathematical decomposition of a data matrix can be subject to ambiguities.
These ambiguities originate from the fact that the original data can be theoretically
reproduced by a large number of C and ST solutions with the same fit quality, if no
constraints are used. There are two types of ambiguities: rotational and intensity.
Rotational ambiguities refer to component profiles differing in shape from the true ones,
and intensity ambiguities refer to component profiles differing in intensity.159 The
intensity ambiguity is not an issue for qualitative analysis, or spectral identification, but it
does represent an issue for quantitative analysis. From this point of view, the rotational
ambiguity is more important to curve resolution as it affects both qualitative and
quantitative analysis.158 Ambiguities can be represented by the following equation:

D = CS T = C(TT −1 )S T = (CT)(T −1 S T )

Eq. 44

where T is a transformation matrix of size n × n. Any invertible matrix T can give an
infinite set of solutions.
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Figure 24: Graphical representation of the effect of some common constraints on MCR
extracted spectral profiles: a) non-negativity, b) unimodality, c) closure. Left: spectral
profiles before and Right: spectral profiles after constraints have been implemented.149
(Image reproduced with permission from the rights holder, Taylor & Francis Group).

Ambiguities can be limited by applying constraints. These constraints refer to any
mathematical or chemical characteristic that the true component profiles would have. The
most commonly used constraints (Figure 24) are non-negativity, unimodality, closure,
equality constraints, local rank, and hard modelling. Non-negativity is the most applicable
as it is assumed that, for example in the case of fluorescence intensities and UV-Vis
absorbance, these values will be positive under ideal conditions. Unimodality constrains
the concentration profiles to show a single peak maximum per profile. This is done by
first detecting the highest maximum, and afterwards all departures from the unimodal
condition are cropped. Closure, or mass balance, sets the sum of the elements of each row
of matrix C to a predetermined value. Hard-modelling refers to the implementation of a
rigid model into the resolution process that would define a physicochemical behavior.157,
158, 161
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The concept of local rank refers to the determination of how the number and
distribution of components vary along the dataset by performing repeated PCA analysis
in small parts of the dataset (or windows). These windows can gradually grow in size or
have a fixed size and move along the dataset. The results inform on the local complexity
of the data matrix, for example the number of overlapping components in the window.
Local rank constraints are based on the fact that in certain windows of the data matrix a
specific component is known to exist, while other species are known not to exist.
Selectivity and local rank are similar types of constraints. While local rank constraints
identify regions in the data matrix where different species do not exist, selectivity
constraints are extreme versions of local rank and identifies regions where only one
species contributes to the signal.149, 157

1.5.3.3 MCR applications
MCR data analysis can be coupled with a wide variety of analytical techniques,
ranging from spectroscopic to chromatographic (Table 9).
Kessler et al. used UV-Vis spectroscopy combined with MCR data analysis to
study the kinetics of biotechnological reactions. The laccase enzyme-catalyzed
degradation of syringic acid, used as a model for lignin, was presented. A data matrix was
generated containing the absorption spectra of the reaction mixture collected every 15
seconds. MCR is able to describe the reaction kinetics without any prior knowledge on
the chemical system and identify four components in the data matrix obtained at pH = 7:
the initial and end products and two intermediate products (Figure 25). The concentration
profiles show that while the syringic acid is degraded in time, the two intermediates are
formed, but short-lived as the end product is formed. At pH = 4, the MCR analysis reveals
just one intermediate, suggesting a different degradation mechanism.162
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Figure 25: a) Resolved spectra and b) resolved concentration profiles for UV-Vis and MCR
analysis of syringic acid degradation.162 (Image reproduced with permission of the rights
holder, Springer).

MCR data analysis can also be coupled with MDF spectroscopy to resolve the
individual components of complex samples. One such multi-fluorophore material are
albumin proteins. These type or proteins can be used as supplements in cell culture
media13 (i.e. BSA) or present importance in human biology (i.e. HSA). The emission of
these proteins is complicated by the multiple Tyr and Trp residues present in their
structure.
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Table 9: Examples of analytical applications coupled with MCR data analysis.

Analytical

Process

method

Description

Pencillium chrysogenum
fermentation
FT-IR

CD

Ref.

in-line prediction of Penicilin V
and phenoxyacetic acid

163

concentrations

milk lactic acid

pure spectral profiles ascribed to

fermentation

coagulation phases

protein secondary structure

resolved spectra of α-helix,

analysis

β-sheet, and other motifs

elucidation of Cu2+ binding

putative pure component spectra

mechanism in the prion

from each His-centered binding

protein

site

164

165

166

pure spectra of native,
thermal unfolding of

intermediate and unfolded

α-lactalbumin and

conformations with estimation of

α-apolactalbumin

the fraction of different secondary

167

structure motifs

HPLC

analysis of pesticides in
groudwaters

pesticide pure elution profiles of
chlorfenvinphos, vinclozolin,

168

tebuconazole and parathion-ethyl

glycoprotein quantitative
prediction in CHO cell
feed-batch process

MCR analysis of EEM data shows
the behavior of the extracted

169

dityrosine component
characteristic to the glycoprotein

Fluorescence
analysis of dissolved

resolved fluorescence

organic matter in fresh

contributions of humic, fulvic and

water natural systems

mixed proteins type fractions
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1.6 Albumins
The emergence of the production of protein pharmaceuticals by mammalian cell
cultures on an industrial scale led to a need for more reliable, performant and well-defined
culture media. However, many legacy processes still require the use of animal derived
proteins (FBS, HSA, BSA etc.) Fetal bovine serum was replaced by chemically-defined
serum-free media with purified albumin supplements. Human and bovine albumins have
been added to media formulations, but BSA has been more widely used due to cost and
supply issues.7 Albumins are important for supporting mammalian cell growth due to their
role as carriers for serum-derived substances like lipids, peptides, hormones and other low
molecular weight molecules.22
Albumins are relatively large multi-domain, symmetrical and highly flexible
proteins with many physiological functions and are the major water soluble constituents
of the circulatory system. Albumins are found in blood at concentrations of around
0.5 mg mL-1, are responsible for 80% of the colloid osmotic blood pressure171 and play an
important role in: regulating blood pH, carrying endogenous and exogenous substances
(drugs, fatty acids, divalent cations Ca2+ and Zn2+, hormones and bilirubin), mediating
coagulation, and inhibiting oxidative damage as a free radical scavenger in
inflammations.172 Albumins, myoglobin and hemoglobin present areas of structural
homology and are considered to be derived from a common ancestral molecule composed
of 77 amino acids and dating back to hundreds of millions of years ago.172 Albumins are
synthetized in the liver, accounting for approximately 14 grams of HSA per day.173

1.6.1 Human serum albumin (HSA)
HSA is one of the most widely studied and important proteins involved in human
health. HSA has a molecular weight of 66.439 KDa and is a single chain comprised of
585 amino acid residues (Figure 26) of which 31 Phe, 18 Tyr and one Trp are
fluorescent.174

7

Albumins of animal origin are far more accessible than those of human origin.
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Figure 26: HSA structure showing the locations of Tyr (red) and Trp (blue). The dashed
circles represent the minimum and maximum Förster radius for the Tyr-Trp pair (9–18 Å)
as reported by Lakowicz.71 Plotted using PyMOL (PDB 1AO6).

Table 10: Amino acid sequence length and disulfide bridges of HSA subdomains.174-176

I

Domain

II

III

Subdomain

IA

IB

II A

II B

III A

III B

Amino acids

7-105

130-197

198-280

316-382

383-479

520-583

Tyr residues

2

5

1

6

3

1

Trp residues

0

0

0

0

0

Disulfide
bridges

53-62
75-91
90-101

1
(Trp-214)
200-246

392-438

124-169

245-253

316-361

437-448

514-559

168-177

265-279

360-369

461-477

558-567

278-289
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Structurally HSA is composed of three similar α-helical domains I-III, each with
a pair of subdomains A and B (Figure 26, Table 10).177 A single Trp (Trp-214) located in
subdomain IIA dominates fluorescence emission.178 Two deep hydrophobic pockets with
entrances that are positively charged are located in subdomains IIA (site 1) and IIIA (site
2). Domain I does not contain such pockets. Approximately 67% of the HSA structure is
α-helix, with the rest being represented by turns and random coils.179 Each subdomain A
is composed of a cluster of four main α-helices (A-H1 – A-H4) flanked by two shorter
ones (A-H5 and A-H6), while each subdomain B is composed of a cluster of four α-helices
(B-H1 – B-H4), similar in three-dimensional structure to the clusters in A subdomains.
A and B subdomains are connected by extended loops, except for the last helix in IB
(IB-H4) and the first helix in IIA (IIA-H1) which are fused together, bringing the total
number of helices in HSA to 28.179
HSA contains 35 Cys residues, 34 of which form 17 disulfide bridges that are
positioned in a series of nine loop-link-loop structures centered on eight sequential CysCys pairs that form double disulfide bridges. Cys-34 is the only residue that doesn’t
participate in any intramolecular disulfide bridges. However, its sulfhydryl group can be
oxidized and form intermolecular disulfide links in 30-40% of HSA molecules in the
bloodstream.179
HSA has two primary drug-binding sites, one in subdomain IIA and the other in
IIIA. Binding site I comprises of all six helices of subdomain IIA together with a loophelix (residues 148-154) from subdomain IB. This binding cavity is formed of a central
zone with three other compartments extending from it. The interior of the cavity is mostly
apolar, but does contain two clusters of polar residues: an inner cluster and one at the
entrance to the cavity.180 Site I is a binding site for salicilates, sulfonamides, warfarin and
generally aromatic acids with bulky heterocyclic molecules with delocalized negative
charges.181
Site II is located in subdomain IIIA and is composed of all six helices. Site II is
topologically similar to site I, but does have some differences. Site II is smaller and the
hydrophobic cavity has just one extending compartment. Subdomain IIIB following IIIA
is rotated further away from the entrance to site II, the cavity becoming more solvent
exposed as compared to site I.180 Site II represents the binding site for diflunisal,
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diazepam, ibuprofen, flurbiprofen and generally aromatic carboxylic acids with extended
molecules that would be largely ionized at physiological pH with the negative charge
located at one end of the molecule.181
Subdomain IA does not have a drug-binding site near its hydrophobic core. The
possible pocket in IA is sealed by the interaction between IA-H4 residues side chains and
subdomain IIA caused by relaxation of the IA-H4 helix.175
HSA also has several fatty acid binding sites that are distributed across all three
domains: a common set of seven binding sites (FA1-7) for medium to long chain fatty
acids (the number of carbons ranging from C10 to C18), and two additional binding sites
(FA8-9) for medium chain fatty acids (C10 – C14). FA1 is located in subdomain IB; FA2
between IA and IIA; FA3 and FA4 in IIIA; FA5 in IIIB; FA6 at the surface of the protein
at the interface between IIA and IIB; FA7 in IIA; FA8 and FA9 in the juncture between
domains II and III.182

1.6.2 Bovine serum albumin (BSA)
BSA is a heart shaped large globular protein (Figure 27) with a molecular mass of
66.267KDa.183 The conformation of BSA is similar to HSA due to 76% of amino acid
sequence homology.176 It consists of a single chain composed of 583 amino acids and has
17 disulfides bridges arranged in a pattern identical to HSA.183 Similar to HSA, it is
composed of 3 domains (I, II and III), each one of these being divided into two
subdomains A and B (Figure 27, Table 11). Approximately 67% of BSA secondary
structure consists of α-helix, 10% turn and 23% of extended chain with no β-sheet
structures.184 While HSA contains just one tryptophan residue (Trp-214), BSA has two
tryptophans: Trp-134 located in domain I close to the protein surface in a hydrophilic
environment, and Trp-213 located in domain II buried in a hydrophobic binding pocket
similar to the corresponding Trp from HSA (Trp-214).185-187
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Figure 27: BSA structure showing the locations of Tyr (red) and Trp (blue). Plotted using
PyMOL (PDB 4F5S).

Table 11: Amino acid sequence length and disulfide bridges of BSA subdomains.176

I

Domain

II

Subdomain

IA

IB

II A

Amino acids

6-105

129-196

197-279

Tyr residues

2

7

1

Trp residues

0

1

1

53-62
Disulfide bridges

75-91
90-101

(Trp-134) (Trp-213)

III
II B

III A

III B

315-381 382-478 519-583
6

3

1

0

0

0

199-245

391-437

123-168

244-252

315-360 436-447 513-558

167-176

264-278

359-368 460-476 557-566

277-288

475-486
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Although structurally very similar, HSA and BSA display some differences in
their physico-chemical characteristics (Table 12) and show small differences in their
behavior under chemical and thermal stress factors.
Table 12: Some physico-chemical characteristics of human and bovine serum albumins.

Characteristics

HSA

BSA

188, 189

MW (kDa) calculated
from amino acids

Ref.

66.439

66.267

Amino acids

585

583

UniProt

Phe residues

31

27

database8

Tyr residues

18

20

Trp residues

1

2

composition

Extinction coefficient

185
4

4

3.5219 × 10

4.389 × 10

α-helix

57-67%

67%

β-sheets

0%

0%

Turn structure

10%

10%

Extended chain

23%

23%

Specific volume (nm3)

85

82.4

3.3 – 4.1

3.3 – 4.3

<τ>9 = 4.9

<τ> = 6.3

at 278nm (M–1 cm–1)

Hydrodynamic radius
(nm)

Fluorescence lifetimes
(ns)

179, 184, 190

191
191

183

<τ> = 5.23 (τ1 = 0.5, τ2 = <τ> = 5.37 (τ1 = 0.265,
3.3, τ3 = 7, 20 °C) 192

τ2 = 3.055, τ3 = 6.577,

<τ> = 5.8 ( τ1 = 0.21, τ2

20 °C) 185

= 2.8, τ3 = 7.4, 25 °C) 193

5.0 ±0.2 12

4.0 ±0.1
RTP lifetimes (ms)

194

1.2 10

195

0.58 11

196

8

P02768 (HSA) and P02769 (BSA).
Average lifetime.
10
PBS buffer, addition of 5 M KI and 2 M Na2SO3 for heavy atom effect/deoxygenation.
11
Deoxygenation with vacuum and 0.1 M Na2SO3.
12
Tris-HCl buffer; addition of 1.5 M KI and 0.2 mM Na2SO3.
9
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Emission maximum

330

(nm) in native state

335

197

0.132 (25 °C, pH=6.4)

Quantum yield

185

340
0.130 (25 °C, pH=6.4)

197

0.14 ±0.01

Steady state anisotropy

0.180 ±0.002

198

197

0.219 ±0.002

199

59.65 ±0.05

56.80 ±0.27

200

60.2 – 63.5

55.9 – 57.3

201

57.07 ±0.7

202

166.3

152.3

200

202

180.81

201

SDS (pH = 5.0)

(2.5 ±0.1) ×104

(1.1 ±0.1) ×104

203

testosterone (pH = 7.4)

(3.3 ±0.3) ×104

(2.4 ±0.3) ×104

204

Tm (°C)

–1

ΔHcal (kcal mol )
Binding constants (M–1)

1.6.3 Unfolding and refolding of albumins
There are a variety of external conditions that can lead to protein conformational
changes, such as: temperature, pH, pressure and chemical denaturants. Elucidating the
unfolding pathways of proteins with 3 domains, as is the case of albumins, is not a simple
task as each domain behaves differently. Albumins can undergo an reversible transition
from the native (N) to an expanded state (E) with a marginal change in secondary and
tertiary structure, and from the extended state can undergo irreversible disruption to an
unfolded form (U) through an intermediate state (I) (Figure 28).8
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Figure 28: A representation of HSA thermal unfolding and refolding upon cooling. Blue
dot - Trp; red dots - Tyr.

1.6.3.1 Thermal unfolding
A far-UV CD study of HSA thermal unfolding done by Luong et al. shows a
gradual decrease in α-helix structure: a minor change from 63.4% to 61.5% upon heating
from 20 to 40 °C followed by a slightly more steep decrease to 57.8% at 55 °C. This
transition from the native to the expanded state is reversible, as the native state is
recovered upon cooling from 55 to 20 °C. The study also indicates a 12.6% β-sheet content
that does not change significantly upon heating to 40 °C (13.0% β-sheets). The majority
of sources do not indicate the presence of any β-structures in the native state, and thus the
percentage of β-sheets might be attributed to turn structures. Increasing the temperature
to 70 °C drastically affected the protein secondary structure, as the α-helix content
dropped to 41.4% with 16% β-sheets.192 A CD study by Moriyama et al. indicated a total
reversibility of thermal denaturation from temperatures up to 50 °C, but only a partial
reversibility beyond this temperature. Upon cooling from 65 °C, 20% of the α-helices did
not recover. According to Moriyama, heating of HSA from 25 to 45 °C decreased the
α-helix content from 66% to 61%, with a total recovery upon cooling, while heating to
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65 °C decreased the α-helix content to 53%. Although having the same α-helix content in
the native state, the study also showed a higher thermal stability of HSA compared to
BSA, as the BSA content of α-helix decreased to 44% at 65 °C.205
By using fluorescence spectroscopy, Luong et al. obtained an emission maximum
for HSA at λem = 335 nm at room temperature which did not change upon heating to
55 °C, but did show a 5 nm blue shift at 70 °C. The fluorescence emission is quenched at
55 °C, but the intensity returns to the same values upon cooling.192 The same was noted
by Shaw et al., who observed a blue shift in the emission maximum at 60 °C (from
337 nm to 332 nm).206 It was suggested that this blue shift was caused by the fact that the
protein would unfold in such a way that Trp-214 in domain II is repositioned in a more
hydrophobic environment.192 At room temperature, Trp-214 in HSA displayed three
lifetimes: τ1 = 0.5 ns, τ2 = 3.3 ns and τ3 = 7 ns.192 Other literature lifetimes are within
similar values: τ1 = 0.6 ns, τ2 = 3.7 ns and τ3 = 7.7 ns.207 The decay dynamics of Trp in
HSA are slightly slower than those of Trp in aqueous solution which can be fitted to a biexponential curve with τ1 = 0. 5ns and τ2 = 2.77 ns.208 The third component with the
longest lifetime is caused by the water molecules trapped in the binding pocket of domain
II that are in dynamic equilibrium with the bulk water. Upon heating from 20 °C to 70 °C,
the lifetime decreases from τ3 = 7 ns to 3.76 ns as a result of the release of trapped water
molecules upon domain unfolding.192
The multi-exponential behavior of Trp fluorescence decay in proteins can be
explained by two alternative interpretations: excited state reactions and the existence of
different microstate conformations.209, 210 Szabo et al. attributed the multi-exponential
behavior to the presence of ground state conformers (rotamers) that arise from indole ring
rotation along the Cα–Cβ bond. Each conformer would then be quenched with different
efficiencies by neighboring groups leading to distinct lifetime values.211 Trp fluorescence
is also extremely sensitive to its electronic surroundings, with dielectric relaxation
occurring due to interactions between the Trp excited state and solvent molecules.212, 213
Mitra et al. used dynamic light scattering to measure the average hydrodynamic
diameter (dH) of HSA upon thermal unfolding. Upon heating from 20 °C to 60 °C, the
room temperature value of dH did not change. This thermal range includes the N and E
states of HSA. However, when the temperature was raised to 75 °C, the hydrodynamic
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diameter of HSA increased by a factor of four due to exposure of domain IIA and protein
swelling, and did not return to its native state value when the protein was cooled.214 This
is in accordance to the hydration dynamics presented by Luong et al.192 The anisotropy of
HSA decreased up to 55 °C, followed by an increase. While Mitra et al. attribute this to
protein swelling as hydration increases (r0 = 0.32 at 20 °C, 0.26 at 55 °C and 0.37 at
70 °C, values from anisotropy decay studies)214, Flora et al. attribute this increase in
anisotropy to the formation of protein aggregates (r = 0.18 at 20 °C, 0.118 at 55 °C and
0.14 at 70 °C, returning to 0.18 after cooling with a shorter average lifetime of 4.72 ns
compared to 5.28 ns in the native state).197

Figure 29: Temperature dependence of components from deconvolved FT-IR spectra
associated with: α-helix (1652 cm–1), β-sheets (1615 cm–1), turn (1674 cm–1), and shortsegment chains connecting α-helix (1630 cm–1).184 (Image reproduced with permission of
the rights holder, American Chemical Society).

In a FT-IR study, Murayama et al. suggested for BSA the formation of irreversible
intermolecular β-sheets upon heating above 70 °C. In the first step, the content of shortchain segments connecting α-helix segments decreased with loss of tertiary structure at
around 57 °C. This was followed by significant changes in the content of turn structures,
α-helix and intermolecular β-sheets at around 75 °C. The α-helix and turn structures of
BSA were simultaneously denaturated in parallel with the formation of intermolecular
β-sheets. The transition/denaturation temperatures obtained for the short-chain segments,
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α-helix, β-sheets and turn structures were 61.1, 75.4, 76.4 and 76.8 °C, respectively
(Figure 29).184
Kosa et al. studied the differences in thermal stability for several albumins using
DSC. HSA and BSA showed single sharp endotherms explained by single component
models. HSA showed a higher denaturation temperature of Tm = 59.65 ±0.05 °C compared
to that of BSA Tm = 56.80 ±0.27 °C. The calorimetric enthalpy ΔHcal of HSA was
166.3kcal mol-1, while the ΔHcal of BSA was 152.3 kcal mol-1. It was suggested that the
difference in ΔHcal indicates a greater extent of exposure of hydrophobic regions caused
by thermal denaturation for BSA compared to HSA.200 In the more recent DSC study
performed by Michnik et al., HSA and BSA showed broader DSC profiles with positive
values for the change in heat capacity ΔCp compared to the previous study where ΔCp is
minimal. The Tm values of HSA varied between 60.2–63.5 °C, while the Tm values of
BSA were lower at 55.9–57.3 °C, depending on the scan rate and protein concentration.
The ΔHcal of HSA and BSA were 202 and 120.81kcal mol-1, respectively. A two
component fitting model yielded the following transition temperatures: T1 = 62.5 °C and
T2 = 71.9 °C for HSA, T1 = 55.8 °C and T2 = 69.6 °C for BSA.201

1.6.3.2 Chemical unfolding
The most commonly used denaturants for proteins are GuHCl and urea (Figure
30). Although possessing some structural similarities, the two chaotropes have different
mechanisms of action, due to the fact that urea is uncharged, while GuHCl is ionic.8 Urea
is used to assess the effects of changes in protein electrostatic interactions, while GuHCl
is used to determine the contributions of hydrophobic interactions to protein stability.215
GuHCl is generally more effective than urea, in some cases proteins needing more than
double the concentration of urea, as compared to GuHCl, to reach the unfolding
midpoint.216

a)

b)

Figure 30: Chemical structures of a) urea and b) GuHCl.
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Urea unfolds albumins by means of disrupting the hydrogen-bonding network
with water molecules. Urea molecules will compete with water molecules to form
hydrogen bonds and determine a decrease in the number of water molecules in the protein
shell phase. According to Kumaran et al., the fluorescence emission maximum of BSA is
blue shifted from 340 nm to 334 nm at 6 M urea, followed by a red shift from 334 nm to
348 nm when the urea concentration is increased to 10 M. It was suggested that this
complex behavior of BSA unfolding by urea is caused by the substitution of water
molecules by urea in the hydrophobic crevice where Trp-214 is buried, without major
effects on the BSA structure, followed by protein unfolding with Trp-214 becoming
solvent exposed.217 On the other hand, GuHCl does not form any hydrogen-bonding with
proteins. At low concentrations, GuHCl ions (GuH+ and Cl–) mask the charged amino acid
side chains, thus reducing any stabilizing or destabilizing electrostatic interactions. At
higher concentrations, GuHCl becomes a denaturant and the binding of GuH+ ions to the
protein pushes the equilibrium towards the unfolded state.215
Zied et al. measured the changes in HSA emission spectra upon denaturation with
GuHCl. The initial single emission peak with a maximum at 335 nm started to split with
increasing concentration of GuHCl. Upon complete unfolding at 6 M GuHCl, two distinct
peaks were observed at 355 nm and 308 nm, corresponding to the solvent exposed Trp
and Tyr residues, respectively. Fluorescence decay increased with GuHCl concentration,
with average lifetime being reduced from 6.72 ns to 3.47 ns in the completely unfolded
state. Refolding of HSA by dilution with buffer showed a slower refolding process for
domain II compared to I and III.178 Kosa et al. compared the GuHCl induced unfolding of
HSA and BSA showing a two-state denaturation behavior for both proteins with no
intermediate state in the unfolding pathway. Fluorescence spectroscopy showed no
differences between the unfolding pathways of the two proteins. There was no significant
unfolding observed up to 1 M GuHCl. A midway point was noticed at 1.5 M GuHCl with
complete unfolding beyond 2.5 M GuHCl. CD showed however some small differences
in the stability of the two albumins. The midway point of BSA unfolding was observed at
a GuHCl concentration lower by 0.2 M, compared to HSA.200
Unfolding of the three domains in HSA does not occur simultaneously upon
treatment with GuHCl. This was shown in a study by Ahmed et al., where the authors
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measured the intrinsic fluorescence emission of HSA bound with specific ligands: hemin
in domain I, bilirubin between domains I and II, chloroform in domain II, and diazepam
in domain III (separate studies for each ligand). At 2.2 M GuHCl, binding of diazepam
and bilirubin is completely lost indicating disruption of domain III and separation between
domains I and II. However, binding of chloroform decreases by less than 20% and binding
of hemin decreases by approximately 40%, thus showing that domain II and to a lesser
extent domain I have a higher stability to GuHCl unfolding than domain III (Figure 31).218

Figure 31: A representation of HSA unfolding using GuHCl. Reproduced with permission
from 218 (Image reproduced with permission from the rights holder, Elsevier).

Anand et al. measured the variation in α-helix content in BSA with GuHCl
concentration, using CD. At low concentrations of denaturant, the content of α-helix
increased from 66% in the native state to 68.4% at 0.4 M and 71% at 0.8 M GuHCl.
Beyond 1.2 M, BSA began to gradually lose its native helix structure, reaching 5% at
6 M GuHCl (Figure 32). The initial increase in α-helix content was accompanied by a
blue shift of 2 nm in Trp emission. Beyond 2 M GuHCl, the Trp emission was gradually
red-shifted. It was also showed that GuHCl reduced the average lifetime of BSA from
6.13 ns in the native state to 3.08 ns at 6 M GuHCl. Moreover, it was suggested that the
unfolding process was reversible, as the fluorescence lifetime of the native state was
recovered upon dilution of GuHCl, as well as the emission maximum wavelength and
intensity. However, steady-state anisotropy measurements of the refolding process,
although showing a similar trend to the unfolding process, did not recover to the initial
anisotropy value (r = 0.09 for the refolded structure compared to r = 0.12 for the native
state).219
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Figure 32: Variation of BSA α-helix content with GuHCl concentration. Graph generated
by the author from data published by 219.
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2. Materials and methods
The following research follows three major lines:
 validation of multi-dimensional anisotropy measurements using an anisotropy
standard;
 protein quantification in complex mixtures;
 protein structure analysis: resolving of fluorophore emissions, unfolding pathways,
differentiation between structurally similar proteins and tracking of subtle structural
changes.
In this chapter, for each one of these studies, the following will be addressed:
 reagents used, sample preparation and physico-chemical stressing conditions;
 instrumentation, settings and data collection;
 data analysis.

2.1 General materials
All reagents (Table 13) were used without further purification, except for
microfiltration of solutions. PBS buffer solutions and pipette tips were sterilized by
autoclaving at above 120 °C. Ultrapure water from a Waters Milli-q filtration station was
used for all solutions. To prevent contamination, yeastolate, amino acids and protein
solutions were membrane filtered using Stericup® & SteritopTM vacuum-driven, sterilized
and disposable filtration systems with 0.22 μm pore size. Furthermore, yeastolate and
amino acids solutions were prepared in a laminar flow hood. All samples were pipetted
into 1cm × 1cm quartz cuvettes (Lightpath Optical, UK). All cuvettes were cleaned using
Milli-q water and isopropanol.
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Table 13: Details of reagents used.

Compound

Description

Purchased from

for fluorescence

Sigma-Aldrich

Rhodamine B, also known as
Basic Violet 10

Glycerol
Ethanol
Isopropanol

99.5+% spectrophotometric
grade
≥99.8%
99.9% for HPLC
used for cuvette cleaning

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

99.9+%
Cyclohexane

Aldrich
HPLC grade
water soluble portion of

Bacto™ TC Yeastolate

autolyzed yeast

Becton,

(0.6% Trp, 0.9% Tyr, 3.3%

Dickinson and

Phe, according to Technical

Company

Manual)
Becton,
Difco™ Yeastolate UF

ultra filtered

Dickinson and
Company

Bradford reagent
Bovine serum albumin (BSA)

Human serum albumin (HSA)

Sigma-Aldrich
>99%, lyophilized powder,
globulin free
≥96% essentially fatty acid
free
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Guanidine hydrochloride
(GuHCl)
>99%

Sigma-Aldrich

Phosphate buffer saline (PBS)

tablets

Sigma-Aldrich

Potassium iodine (KI)

min. 99.5%

Riedel-deHaën

Sodium sulphite (Na2SO3)

≥98%

Sigma-Aldrich

L-Tryptophan

≥98%, reagent grade

Sigma-Aldrich

99+%

Sigma-Aldrich

99%

Sigma-Aldrich

>99%

Sigma-Aldrich

N-acetyl-DL-tryptophan

DL-Tyrosine
N-acetyl-L-tyrosine

2.2 Instrumentation
UV-Vis absorbance measurement were performed using two spectrometers:
 UV-Visible Spectrophotometer UV-1601 (Shimadzu) fitted with a circulating water
bath (Lauda Alpha). Instrument was ran with UVProbe 2.20 software.
 Perkin Elmer Lambda 950 UV/VIS Spectrometer.
Fluorescence emission measurement were carried out on three spectrometers:
 An LS50B (Perkin Elmer) Luminescence Spectrometer fitted with a single cuvette
holder that was controlled by a circulating water bath (Lauda Alpha). The spectrometer
was fitted with automatic polarization filters. Instrument was ran with WinLab software.
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 A Cary Eclipse fluorescence spectrophotometer (Varian) with a Peltier Multicell Holder
(00-100755-00) and Cary Temperature Controller.
 A Cary Eclipse fluorescence spectrophotometer (Agilent Technologies) fitted with a
multicell holder (Agilent Technologies) and temperature controller (Quantum
Northwest). This spectrometer was also used for phosphorescence lifetime
measurements. The last two spectrometers were fitted with the Varian Manual Polarizer
Accessory (00-100761-00).
The Cary Eclipse fluorescence spectrometers were fitted with excitation and
emission monochromators of Czerny-Turner geometry. Czerny-Turner configurations
consist of a collimating mirror, a planar diffraction grating and a focusing mirror arranged
in a “W” manner.220 A feature of this type of configuration is the flexibility of mirror
geometry which allows for asymmetrical configurations that produce a flattened spectral
field and can correct for some aberrations, like coma13.
The diffraction grating is subject to the Wood’s anomaly which causes narrow
sharp changes in recorded spectra. The grating produces diffracted light in successive
angles from the normal. The light of a specific wavelength will be in the plane of the
grating and beyond this point, light will no longer be diffracted as diffraction would occur
behind the grating. The energy that would have been sent behind the grating will thus be
redistributed. This redistribution of energy causes a sharp increase (at lower wavelengths)
followed by a sharp decrease (at higher wavelengths) in light intensity.221 However, the
polarized fluorescence and anisotropy spectra collected for this research did not contain
any significant distortions that might have been caused by the Wood’s anomaly.

13

An aberration that causes light rays to produce a blur directed away from the optical axis.
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2.3 Fluorescence anisotropy standard for measurements
validation
A stock solution of RhB 1mM was prepared by dissolving 0.012g in 25mL
ethanol. From this, a series of samples were prepared where Rhodamine B concentration
was maintained constant at 1 µM in different glycerol/ethanol solutions: 10:90, 20:80,
30:70, 40:60 and 90:10 v/v (Table 14), and in a glycerol/water solution 95:05 v/v. These
were pipetted into 1 cm × 1 cm quartz cuvettes and left for 2–3 hours to rest in order to
eliminate any air bubbles in the viscous solutions. All samples were prepared in triplicate
and analyzed at 25 °C.
Table 14: Preparation of RhB 1μM solutions in glycerol:ethanol solutions (25 mL final
volume).

Glycerol:ethanol vol.

Stock RhB 1 mM

Glycerol

Ethanol

ratio

solution (μL)

(mL)

(mL)

90:10

25

22.5

2.475

40:60

25

10

14.975

30:70

25

7.5

17.475

20:80

25

5

19.975

10:90

25

2.5

22.475

Three fluorescence spectrometers were used in order to validate the accuracy of
anisotropy measurements on different apparatus. Polarized and non-polarized emission,
excitation, and multi-dimensional (EEM/TSFS) spectra were collected for each sample.
Spectra were collected using scan speeds from 150 to 3000 nm min–1 (resulting in different
data intervals) in order to determine the effect of scan speed on measurement accuracy.
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2.4 Protein quantification in complex biogenic media
A yeastolate stock solution (5 mg mL–1) was prepared by first dissolving 1.25 g
Bacto™ TC yeastolate in sterilized high purity water (250 mL) and then membrane
filtering (0.22 µm) before aliquoting under sterile conditions. A sterile, filtered BSA stock
solution (10 mg mL–1) was also prepared. Mixture samples were prepared by spiking
2 mL of the yeastolate solution with BSA aliquots varying from 0 to 2 mL (Table 15).
Samples were brought to a final volume of 4 mL by PBS buffer addition. The sample set
had a BSA concentration range of 0 to 5 mg mL–1 with a constant yeastolate concentration
of 2.5 mg mL–1. All samples were prepared in triplicate and reproducibility was
determined at 0.5 and 4 mg mL–1 BSA by preparing each sample 10 times.
A second sample set was prepared in the same manner using PBS buffer in place
of the yeastolate solution. All samples were stored at –70 ºC to prevent compositional
changes in yeastolate and left to defrost overnight at 4 °C prior to analysis. These were
then pipetted into 1 cm path length quartz cuvettes (Lightpath Optical, UK) and sealed
under sterile conditions.
Table 15: Details on sample preparation for yeastolate spiked with BSA at different protein
concentrations.

1
2
3
4

Yst stock
(mL)
2
2
2
2

PBS
(mL)
0.1
0.2
0.3

BSA stock
(mL)
2
1.9
1.8
1.7

BSA conc.
(mg mL–1)
5
4.75
4.5
4.25

5

2

0.4

1.6

4

reproducibility
x10

6
7
8
9
10
11
12

2
2
2
2
2
2
2

0.5
0.6
0.7
0.8
0.9
1.0
1.1

1.5
1.4
1.3
1.2
1.1
1.0
0.9

3.75
3.5
3.25
3
2.75
2.5
2.25

prepared in
triplicate

Sample
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13
14
15
16
17
18

2
2
2
2
2
2

1.2
1.3
1.4
1.5
1.6
1.7

0.8
0.7
0.6
0.5
0.4
0.3

2
1.75
1.5
1.25
1
0.75

19

2

1.8

0.2

0.5

20
21
22

2
2
2

1.9
1.96
2

0.1
0.04
-

0.25
0.1
0

23
24
25
26

-

2
2.1
2.2
2.3

2
1.9
1.8
1.7

5
4.75
4.5
4.25

27

-

2.4

1.6

4

reproducibility
x10

28
29
30
31
32
33
34
35
36
37
38
39
40

-

2.5
2.6
2.7
2.8
2.9
3.0
3.1
3.2
3.3
3.4
3.5
3.6
3.7

1.5
1.4
1.3
1.2
1.1
1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3

3.75
3.5
3.25
3
2.75
2.5
2.25
2
1.75
1.5
1.25
1
0.75

prepared in
triplicate

41

-

3.8

0.2

0.5

reproducibility
x10

42
43
44

-

3.9
3.96
4

0.1
0.04
-

0.25
0.1
0

prepared in
triplicate
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TSFS spectra were collected at 25 °C (unless otherwise stated) over all
polarization settings (HH, HV, VH and VV) using an Eclipse Fluorescence Spectrometer
(Agilent) fitted with a manual polarizer, and a temperature-regulated Single Cell Cuvette
Holder CUV-TLC-50F (Quantum Northwest). TSFS data was collected over an excitation
range of 280–370 nm with a data interval of 1 nm (scan speed of 600 nm min–1) and a Δλ
interval of 20–150 nm with a Δλ increment of 2 nm. Excitation/emission slits of 10 nm
were used. Each individual TSFS plot was a 66 × 91 data matrix (total of 6006 spectral
points) and the four TSFS measurements took approximately 15 minutes each to collect.
Data collection was performed in random order over 2 months.
The same samples were also analyzed using the Bradford assay with an excess of
30 parts reagent to one part sample (0.1 mL yeastolate/protein sample + 3 mL Bradford
reagent), according to the product technical bulletin (Sigma, Bradford Reagent Technical
Bulletin, Product Number B 6916). Samples were analyzed at room temperature almost
immediately after addition of Bradford reagent directly into the 1 cm pathlength quartz
cuvettes. A Shimadzu UV1601 UV-visible spectrometer was used for Bradford assay
absorbance measurements at 595 nm.

2.5 Structural analysis of HSA
All compounds were used without further purification. All PBS stock solutions of
HSA were prepared using sterilized high purity water and were membrane filtered
(0.22 µm). All stock solutions were stored at –70 ºC and defrosted overnight at 4 ºC
before aliquoting. All samples were analyzed in triplicate. Previous studies have shown
that it is possible for even 99% pure lyophilized HSA to contain up to 10% oligomers
formed through disulfide linkage.222-224 For this research, no corrections were made in
terms of accounting for the effect of aggregation, and the spectra presented and subsequent
analysis might include to a certain degree the effect of protein aggregates.
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2.5.1 Sample preparation for thermal unfolding of HSA
For the thermal denaturation study, a stock solution of 1 mg mL–1 HSA in PBS
buffer was prepared. The buffer was prepared by dissolving one tablet of PBS in 200 mL
of Milli-q high purity water. The stock solution was then membrane filtered (0.22 µm)
and three aliquots of 5 mL were pipetted into 15 mL centrifuge tubes. The three samples
were stored at –70°C, and left to thaw overnight at 4 °C prior to analysis.
Temperature unfolding of HSA was performed over a temperature range of
10 to 70 °C with a step of 10°. The samples were heated in the cuvette by the temperatureregulated cuvette holder and left for approximately 30 minutes at each temperature before
analysis. Afterwards, the samples were left to cool overnight in the cuvette at room
temperature, and analyzed the next day at 25 °C.
To validate the detection of RTP, 5 M potassium iodine14 (0.18 mL) and 2 M
Na2SO3 (0.36 mL) were added to 3 mL of a fresh HSA solution (1 mg mL–1) in order to
induce the “heavy atom” effect and chemical deoxygenation respectively, and then
anisotropy-TSFS measurements made at 10, 20, and 30 ºC. KI and Na2SO3 solutions were
prepared by dissolving the appropriate amounts in Milli-q water.

2.5.2 Sample preparation for chemical unfolding of HSA
For the chemical denaturation study, stock solutions of 2 mg mL–1 HSA in PBS
buffer and 8 M guanidine hydrochloride15 in Millipore were prepared. 27 samples of
4 mL final volume were prepared by spiking 2 mL of HSA stock solution with various
volumes of GuHCl stock solution and PBS buffer to obtain a final constant HSA
concentration of 1 mg mL–1 and a GuHCl concentration range of 0 – 4 M with a step of
0.5 M (Table 16).

14
15

KI solubility in water is 8.61M (http://www.chemicalbook.com/ChemicalProductProperty_EN_CB3125298.htm).
GuHCl solubility (20°C) in water is 8.54 M.
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Table 16: Sample preparation for HSA chemical unfolding.

HSA 2 mg mL–1 stock

PBS buffer

GuHCl 8M stock

[GuHCl]final

(mL)

(mL)

(mL)

(M)

2

2

0

0

2

1.75

0.25

0.5

2

1.5

0.5

1

2

1.25

0.75

1.5

2

1

1

2

2

0.75

1.25

2.5

2

0.5

1.5

3

2

0.25

1.75

3.5

2

0

2

4

2.5.3 Trp and Tyr solutions for method validation
N-acetyl derivatives of Trp and Tyr were used due to the low water solubility of
the two amino acids16. These N-acetyl derivatives required 15 minutes in an ultrasonic
bath to ensure complete dissolution.
To determine the effect of solvent polarity on Tyr fluorescence quantum yield, a
series of samples were prepared containing approximately 10–3 M N-acetyl-Tyr in three
solvent mixtures: 90:10 PBS:ethanol, 100% ethanol, and 90:10 cyclohexane:ethanol (v/v).
A stock solution of 10–2 M Tyr in ethanol was prepared and then membrane filtered
(0.22 µM). One part stock Tyr solution was mixed with 9 parts PBS, ethanol, and
cyclohexane respectively to prepare the three sample previously mentioned (Table 17).
It should be mentioned that Tyr was not fully soluble in ethanol, thus the concentration in
the clear filtered stock solution was slightly less than 10–2 M. This does not affect the

Solubility of Tyr: 0.45 mg mL–1 in water;
Solubility of N-acetyl-Tyr: 25 mg mL–1 in water at 25°C, pH = 3.2 – 7.5;
Solubility of Trp: 0.1 mg mL–1 in 0.5M HCl at 20°C, according to Sigma product information.
Solubility of N-acetyl-Trp: 0.51 mg mL–1 in water at 20°C, according to Santa Cruz Biotechnology product
information.
16
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overall study, as it is only important to maintain a constant Tyr concentration in all three
samples.
Table 17: Sample preparation for solvent effect on Tyr emission study.

Tyr stock 10–2 M (mL)

Solvent (mL)

1. 90:10 PBS:EtOH

0.35

3.15 (PBS)

2. 100% EtOH

0.35

3.15 (EtOH)

3. 90:10 cyclohexane:EtOH

0.35

3.15 (cyclohexane)

Sample

In order to validate the components extracted by chemometric analysis of the HSA
datasets, a series of N-acetyl-tryptophan and N-acetyl-tyrosine solutions in 90% glycerol
were analyzed. Two stock solutions, N-acetyl-tyrosine 10–2 M and N-acetyl-tryptophan
10–2 M, were prepared by dissolving the appropriate amounts in PBS buffer and
membrane filtered (0.22µm) afterwards. These were used to further prepare a series of
solutions of 10–3 M amino acid concentration in 90% glycerol (Table 18). The first two
solutions were prepared by pipetting 2.5 mL of stock solution into a 25 mL volumetric
flask and slowly filling to the mark with glycerol (due to glycerol high viscosity).
The third solution was prepared in such a way as to mimic the Tyr to Trp ratio of 18:1 in
HSA. All samples were analyzed in triplicate and left to rest for 2–3 hours in the cuvette
before analysis to eliminate air pockets in the glycerol solvent.
Table 18: Sample preparation for 10–3 M amino acid solutions in 90% glycerol.

Volume of stock amino acid

Volume of glycerol

Final amino acid

solution (mL)

(mL)

concentration

2.5 (N-a-Tyr)

22.5

10–3 M N-a-Tyr

2.5 (N-a-Trp)

22.5

10–3 M N-a-Trp

2.36 (N-a-Tyr) +
0.14 (N-a-Trp)

22.5
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2.5.4 Instrumentation and data collection
Spectra were measured in triplicate from solutions in 1×1 cm quartz cuvettes using
an Eclipse Fluorescence Spectrophotometer (Agilent). Polarized TSFS spectra were
collected over an excitation range of λex = 270–370 nm and Δλ interval of 20–150 nm
(2 nm increments in each case) with 10 nm excitation/emission slit widths (unless
otherwise stated). Non-polarized TSFS spectra were collected over λex = 230–350 nm and
Δλ = 20–150 nm (5 nm step increments in each case) with excitation/emission slits of 5
and 2.5 nm. Narrower slits were used for the non-polarized scans in order to avoid the
oversaturation of spectra (no light absorbed by filters).

2.6 Structural analysis of BSA
All stock solutions of BSA in PBS buffer were prepared using Milli-q sterilized
high purity water and were membrane filtered (0.22 µm), in a similar manner to the HSA
study.

2.6.1 Sample preparation for thermal unfolding, refolding, and cycling
Thermal unfolding was performed over a temperature range of 10 to 80 °C and
samples were analyzed at the following temperatures: 10, 20, 30, 40, 45, 50, 55, 60, 65,
70, and 80 °C. A step of 5° was used between 45 and 65 °C, as this is the region were the
most significant protein structural changes occur. 3 mL aliquots were pipetted to
1 cm × 1 cm quartz cuvettes and heated using the temperature controlled cuvette holder.
Samples were maintained for approximately 30 minutes at each temperature prior to
scanning. This was done in order to reach thermal equilibrium between samples and cell
holder.
For the thermal refolding study, samples were heated directly to 60, 70 and 80 °C,
left for approximately one hour at constant temperature, and then cooled overnight in a
sealed cuvette at room temperature before analysis the next day.
For thermal cycling, samples were heated from 20 °C up to 55 °C, and then cooled
back to 20 °C, using the temperature controlled cuvette holder. The samples were
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maintained for 15 minutes at each temperature before analysis to reach thermal
equilibrium. This process was repeated 4 times, accounting for 4 cycles. The samples were
analyzed 9 times: 5 times at 20 °C and 4 times at 55 °C. A similar study was performed
using HSA. In this case the thermal cycling was performed using a 25–50 °C thermal
range. All samples were analyzed in triplicate. TSFS data was collected in a similar
manner to what was previously described (section 2.5.4).

2.6.2 Freeze thaw
Long-term storage of protein samples must be done at temperatures as low as
–70 °C and must be frozen as quickly as possible after preparation as to prevent
proteolysis, oxidation, or other forms of degradation. Flash freezing using liquid nitrogen
is a simple and effective procedure for freezing protein samples before storing in a low
temperature freezer.225 The aim was to see if the ARMES method could be used to
measure any differences in proteins caused by the freezing method.
200 mL stock solution of 1 mg mL–1 BSA in PBS buffer was prepared. Aliquots
of 4 mL BSA solutions were pipetted into disposable centrifuge tubes (sterile,
polypropylene tubes, 15 mL in volume, from Fisher Scientific) that were cap sealed.
Seven samples were flash frozen by dropping the tubes using a pair of forceps in a
cylindrical Dewar flask filled with liquid nitrogen. After approximately 5 minutes, the
protein samples were completely frozen and the tubes were removed and stored in a
freezer at –70 °C. Seven more samples were stored directly in the freezer at –70 °C
without flash freezing, while other seven samples were stored at –20 °C. Seven days
afterwards, the tubes were left to thaw for 24h at 4 °C and analyzed when completely
defrosted. Seven fresh samples from the same stock solution were analyzed immediately
after preparation without any freezing step involved and were used as reference samples.
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2.7 Multivariate data analysis
Data analysis (Figure 33) was performed using MatLab (ver. 7.0.1),
PLS_Toolbox4.0®, and in-house written codes. All data were organized with Δλ as the
first mode, λex as the second mode, and the sample as the third mode. Datasets typically
had dimensions of 66 × 51 × 24 (HSA – thermal), 66 × 46 × 27 (HSA – chemical) and
66 × 56 × 33 (BSA), depending on the number of samples and excitation range selected.

2.7.1 Anisotropy-TSFS plots
The anisotropy at each emission wavelength was calculated using the standard
anisotropy formula (see eq. 21, section 1.3.2).71 The anisotropy-TSFS spectra are plots of
the anisotropy at each excitation/emission pair. By applying the standard anisotropy
formula using the polarized TSFS datasets, the output is a dataset of equal dimensions
where each data point represents the anisotropy. Accurate calculations required that a
reasonable intensity be recorded for each of the four polarization spectra. When spectral
intensity dropped below this 10% threshold, anisotropy values generally became
unreliable with abnormally high or negative r values.

2.7.2 Similarity index
The similarity between two data matrices was assessed using a similarity index (s)
which was calculated using the following MatLab command:
s = trace((Ref − X)′ ∗ (Ref − X))

Eq. 45

where “Ref “represents the reference matrix and X is the matrix whose similarity to the
reference is to be determined. “Trace” is the MatLab command for the sum of diagonal
elements of a data matrix. The similarity index between two matrices is s = 0 if and only
if Ref = X. The greater the value of “s” is, the less similar two data matrices are. In this
research, the similarity index was used as a measure for the variations in anisotropy-TSFS
patterns of albumins that occur due to changes in protein structure.

Page 93 of 232

2. Materials and methods

2.7.3 Component recovery and anisotropy of pure emitters
Spectral variance, and number of factors, were first assessed using NPFPCA
which is a variant form of the functional PCA better suited to noisy data.226, 227 NFPCA
makes use of systematic noise effects and the addition of synthetic noise to produce more
reliable results. It then implements PCA, which relies just on the existing random effect
in the data to identify representative eigenvectors. Spectral decomposition was performed
using MCR-ALS where models were constructed on the augmented matrix datasets with
Δλ as the “spectral” mode and “λex × sample” as the “concentration” mode. Mode 1 scores
represent the “delta” (Δλ) profiles while mode 2 loads represent the excitation
profiles/spectra of extracted components.

Figure 33: Chemometric analysis of HSA polarized fluorescence data.
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2.8 Room temperature phosphoresce lifetime measurements
RTP lifetime measurements were performed using a Cary Eclipse Spectrometer
from Agilent (the same used for steady-state fluorescence measurements). 0.36 mL of
2 M Na2SO3 and 0.18 mL of 8 M KI solutions were added to 3 mL of 2 mg mL–1 HSA in
PBS solution in order to increase the phosphorescence signal by the deoxygenation/heavy
atom method.195 The same was done for BSA solutions. The protein samples were pipetted
into 1 cm × 1 cm quartz cuvettes. Measurements were performed at 25 °C. Lifetimes were
measured with and without polarizers, over all polarization settings (HH, HV, VH and
VV) and with both polarizers in the “magic angle” position. Slits of 10 nm were used for
non-polarized measurements, while 20 nm slits were used for polarized measurements.
A decay time of 20 ms was selected with 50 flashes and 100 cycles. Lifetime values are
presented as an average of 4 measurements.
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3. Fluorescence anisotropy standard and protocol
3.1 Introduction
Although fluorescence polarization is a well-established method and has been
applied to numerous biochemical assays, the literature on polarized MDF and multidimensional anisotropy is scarce and the few reports118, 119 on the use of polarized MDF
do not take full advantage of the potential of increasing anisotropy dimensionality.
Nishiyama et al.119 describe the use of polarized EEM and anisotropy EEM to
analyze spin-coated polymeric thin film. In this case the incorporation of anisotropy in
EEM is used solely for validating the quaternization process of polyvinyl pyridine
derivatives. Destrampe et al.118 generated anisotropy-EEMs of commonly used
fluorescent dyes, but with no further biochemical applications.
In this chapter, an anisotropy standard (RhB)228 was used in order to develop a
protocol for MDF anisotropy measurements. The experiments undertaken were aimed
towards the validation of MDF anisotropy measurements and creating a measurement
protocol for handling such data.
Some of the main requirements for a fluorescence polarization/anisotropy standard
are:
 easy of use;
 high purity;
 chemical and photo-stability;
 small temperature dependence;
 have a constant fluorescence quantum yield independent of excitation wavelength;
 have little overlap between excitation and emission spectra;
 have a high anisotropy;
 anisotropy should be independent of wavelength.229
For this study, we used a well-known fluorophore, Rhodamine B, in viscous
solutions228,

229

. This anisotropy standard was also used for periodic validation of

anisotropy measurements accuracy.
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3.2 Influence of polarization filters
Thin film polarizer filters were placed in front of the excitation and emission
monochromators to produce polarized light. Each one of the two filters has two settings:
horizontal and vertical. For example, the HV setting means a horizontal setting for the
filter in front of the excitation monochromators, and a vertical setting for the filter in front
of the emission monochromator.

Figure 34: Transmittance profiles of excitation and emission polarizer filters in vertical (V)
and horizontal (H) positions. Spectra were recorded using a Lambda 950 spectrometer
with a 0.5 nm sampling interval and 2 nm slit width. The center of the polarizer was
aligned normal to the light beam.

According to the polarized accessory technical features, the filter material
transmits light of wavelengths down to 275 nm. To check this, the transmittance of each
filter at each horizontal/vertical setting was measured (Figure 34). It was found that light
of wavelengths shorter than 285-290 nm will not be transmitted through any of the two
filters no matter what polarization setting (V or H) is used. The two filters also proved to
be identical, having the same transmittance profiles. More light was transmitted over the
H setting compared to V, this being a feature of the polarizer polymer material (as no
samples were used). This difference is taken into account by the G-factor in anisotropy
calculations. The transmittance through both polarizers on the same setting (VV and HH,
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placed on the light path one after the other) is lower than 10% at shorter wavelengths.
The transmittance through both polarizers on different setting (VH and HV) is 0% as
expected, suggesting a good polarization efficiency for the filters used. The transmittance
of polarization filters is around 25% in the amino acids emission space, and increases to
almost 60% at longer wavelengths on the H setting.

3.3 Spectral reshaping by polarization filters
Light of lower wavelengths than the cut-off point will be almost completely
absorbed by the thin film polarizer filter and will not excite fluorophores. Phe will not be
excited (λex = 257 nm), while Tyr (λex = 274 nm) and Trp (λex = 280 nm) will be excited
only at wavelengths higher than their maximum absorbance wavelength. Therefore, the
excitation maxima of Trp and Tyr in polarized spectra will appear to be red shifted as
follows:
λex’ = λex + SD
λex’ > λex
In the case of TSFS, the emission maxima will also be red shifted by the same
amount as the excitation maxima:
λem = λex + Δλ
λex’ = λex + SD
λex’ > λex
λem’ = λex’ + Δλ = λex + SD + Δλ
λem’ = λem + SD
λem’ > λem
where λex and λem represent the actual (non-polarized) excitation and emission maxima of
Tyr/Trp, λex’ and λem’ represent the apparent red shifted maxima when using polarization,
and SD represents the spectral distance between λex and spectral cut-off point.
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Figure 35: An example of spectral reshaping due to polarizer spectral cut-off point:

a)

non-polarized EEM, b) VH polarized EEM, c) VH polarized and non-polarized emission
spectra and d) normalized emission spectra of N-a-Tyr 10–3 M in PBS.

The main consequence of the spectral cut-off point is spectral reshaping
(Figure 35). The polarized emission maximum of Tyr is red shifted by 10 nm, this shift
being equal to the SD between the Tyr excitation maximum (λex = 274 nm) and the spectral
cut-off point. This applies only to Tyr and Trp which absorb and emit light in this spectral
region. The spectra of RhB (λex = 542 nm, λem = 564 nm)230 will not be affected by
polarizer filters as excitation and emission occur at much longer wavelengths. This
apparent drawback of most polarizers can actually be used to one’s advantage as reshaping
the TSFS spectra of Tyr/Trp accounts for the lack of trilinearity that is characteristic of
non-polarized TSFS data.
Another effect of polarizer filters on fluorescence spectra is the decrease in
emission intensity. This is due to the fact that even above the spectral cut-off point, the
transmittance is only around 20-30%. In practice, we found that the light intensity
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decreases by at least a factor of 10, but this depends on the polarization setting and the
fluorophore mobility. This drawback of polarizer filters can be somewhat overcome by
using longer accumulation times or by increasing the excitation/emission slits to let more
light through, but a compromise must be made, as wider slits will affect spectral
deconvolution.

3.4 Conventional 2-D anisotropy spectra of RhB
To produce an anisotropy plot, four differently polarized (HH, VV, VH and HV)
fluorescence spectra are needed to calculate the anisotropy for each spectral point
(Figure 36) using Eq. 22. For fluorophores in viscous environments (i.e. RhB in 95%
glycerol) the maximum fluorescence intensity will be over the VV or HH polarization
setting, depending on the orientation of absorption dipoles. The low intensities over the
VH and HV settings are due to the small angle between the absorption and emission
dipoles.231 During the fluorescence lifetime, the rotation of RhB is restricted by the
viscous solvent and the change in orientation of vertically polarized light (at excitation
mode) to horizontal (at emission mode) will be minimal. In a less viscous solvent, one
would expect a smaller difference in intensity between the VV and VH spectra of RhB.
The large peak in the excitation spectra correspond to the S1 state, while the
shoulder at around 515 nm corresponds to the Rhodamine B dimer. This indicates the
presence of an equilibrium between the Rhodamine B monomer and dimer in solution.232
The dimer emission can also be seen as a small shoulder red-shifter relative to the
monomer emission.233
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Figure 36: The calculated anisotropy (r) of 1 µM RhB in 95% glycerol solution overlaid
with VV, VH, HV and HH polarized a) excitation (at λem = 573 nm) and b) emission
(at λex = 540 nm) spectra. Data was collected at a scan speed of 1200 nm min–1.

The ratio between polarized spectra is constant at all excitation/emission
wavelengths (see Figure A-1 in Appendices), suggesting no significant difference in
polarization between the monomer and dimer. The anisotropy is also constant across the
entire emission space and does not show significant variations in the dimer spectral
regions. An important requirement for fluorescence polarization/anisotropy standards is
to have anisotropy that is independent of wavelength.228 For the RhB anisotropy standard,
the highly restrictive environment (95% glycerol) increases the rotational correlation
times of both the monomer and dimers to a point where the differences become negligible
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(the anisotropy is close to the limiting value of 0.4 for both the monomer and dimer
emission regions).233 An IUPAC Technical Report228 showed a constant anisotropy value
(r = 0.39) for RhB in 95% glycerol at λex = 540–580 nm. Furthermore, a study by
Burghardt et al.233 showed little to no difference in the anisotropy excitation spectra
(λex = 460–570 nm) of Rhodamine 590 monomer and dimer in 90% glycerol.
The most accurate anisotropy values were obtained around the emission
maximum. In spectral regions that are further away from the emission maximum where
the SNR decreases, the error in anisotropy calculations will consequently increase.

3.5 Effect of varying scan speed
An important parameter to be taken into consideration when performing steadystate fluorescence emission measurements is the scan speed, referring to the number of
excitation/emission wavelengths scanned in time (usually nm min–1). Lowering the scan
speed is equivalent to a smaller data interval. This means that for a fixed spectral region,
more data points will be collected at lower scan speeds. However this comes at a price, as
the acquisition time for a spectrum will get longer. A compromise must be made in order
to ensure that enough data is being collected in order to ensure good spectral resolution
and chemometric analysis in reasonable amounts of time. All scans were performed with
a fixed integration time of 0.1 seconds for every data point, this being the default value
for the instrument software.
For the analysis of RhB, increasing scan speed from 150 to 3000 nm min-1 did not
have a significant impact on the accuracy of anisotropy, the RSD remaining at values
below 1% (Table 19) as the integration time was the same for all scans. Increasing the
scan speed determined however a steep drop in the number of data points (Figure 37).
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Table 19: Accuracy of anisotropy measurements at scan speeds ranging from 150 to
3000 nm min–1.

Scan speed

Average r value

(nm min-1) for λex = 530–565 nm

RSD (%) Data interval (nm) Data points

150

0.391

0.69

0.25

141

300

0.389

0.69

0.5

71

600

0.391

0.75

1

36

900

0.390

0.71

1.5

25

1200

0.390

0.72

2

18

1500

0.392

0.73

2.5

15

3000

0.392

0.83

5

8

Figure 37: Effect of varying the scan speed on the accuracy of r values of RhB 1µM in 95%
glycerol solution over the excitation range λex = 530–565 nm with λem = 573 nm (5 nm
excitation/emission slits, 10°C).
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Most of the polarized TSFS and EEM scans for this research were performed using
a scan speed of 1200 nm min–1. This ensured the collection of an optimal number of data
points in a reasonable amount of time. A scan speed of 1200 nm min–1 determined a data
interval of 2 nm. This means that for a certain excitation/emission range, the fluorescence
intensity was collected at every 2 nm. Most non-polarized scans were performed with a
scan speed of 3000 nm min–1. Non-polarized EEM/TSFS were not used for chemometric
analysis, and thus there was no need to generate spectra of higher resolution.

3.6 Variation of anisotropy with sample viscosity
Anisotropy is directly influenced by the fluorophore environment. A series of
samples were analyzed where the concentration of RhB in the glycerol-ethanol solvent
mixture was maintained constant at 1µM, while the glycerol concentration was varied
from 0 to 40%. Anisotropy was plotted against glycerol concentration and a linear
regression was obtained, that could be expanded up to 90% glycerol content (Figure 38).
As the system viscosity increased with glycerol content, it limited the movement of RhB
molecules in solution and the anisotropy increases. The anisotropy values obtained
correspond to previously published data on rhodamines (r = 0.16 at 40% glycerol and
r = 0.35 at 90% glycerol).233

Figure 38: Linear regression of RhB 1µM anisotropy with glycerol concentration ranging
from a) 0 to 40% (vol.) and b) 0 to 90% (vol.). Datasets were collected in triplicate using
two fluorescence spectrometers: two datasets collected with a Perkin Elmer LS50B and
one dataset collected with a Cary Eclipse (Varian).
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The low anisotropy values appear to be more accurate than the larger ones at
higher glycerol content. All solutions at different %glycerol have the same RhB
concentration and thus the RhB total emission would not change (if solvent effects are not
taken into consideration). The VH and HV emission intensities decreased as the %glycerol
increased (less depolarization of light due to restricted movement of RhB, see Table A-2
in Appendices). Performing anisotropy calculations with VH and HV spectra of lower
intensity (and thus noisier), will decrease the accuracy of higher anisotropy values.

3.7 MDF anisotropy measurements and spectral threshold
A MDF spectrum (TSFS or EEM) is basically a data matrix where each element
of the matrix represents the intensity of fluorescence for a certain λ ex/λem pair. Four
differently polarized spectra (Figure 39) were needed for each sample to calculate the
anisotropy. MatLab software was used to calculate the anisotropy value for each data point
of the TSFS and EEM matrices. A new matrix (λex × Δλ × r) of the same dimensions is
generated where each data point represents anisotropy.
When anisotropy calculations were performed, some random r-values were
generated that were not representative of the fluorophore in spectral regions of low
intensity and high levels of noise. These artefacts can be extremely high or low in value
(+/–100) or represent errors (in case of dividing by 0) and overcomplicate the spectra to
the point where proper visualization is impossible (Figure 40a). Therefore, for accurate
anisotropy measurements this low intensity noisy data needs to be removed.
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Figure 39: Polarized TSFS spectra of RhB 1µM in 95% glycerol (vol.) showing different
emission intensities across VV, VH, HV and HH axes of polarization.

Figure 40: Anisotropy-TSFS contour plots of RhB 1µM in 95% glycerol (vol.): a) with no
spectral threshold, and b) with a threshold of 10% of the HH polarized maximum
fluorescence intensity.
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Figure 41: a) Effect of varying the threshold limit (% of maximum intensity over HH
setting) on the accuracy of r-values of RhB 1 µM in 95% glycerol analyzed using polarized
TSFS. b) HH polarized TSFS spectrum of RhB 1 µM in 95% glycerol with a spectral
threshold of 10%. (λex = 460–600 nm, Δλ = 10–100 nm, ex/em slits = 5 nm, 1200 nm min-1
scan speed, 2 nm Δλ increment, 2 nm data interval, 10 °C).

A threshold of 10% of the maximum HH polarized fluorescence intensity was used
(Figure 41b). This threshold value was selected based on the fact that the RSD remains
within reasonable values and retains a significant amount of data points (Figure 41a).
Increasing the threshold results in less data points in the final TSFS plots. A threshold of
20%, for example, would have the same accuracy in calculations, but the number of data
points would be approximately half compared to a 10% threshold. Lower thresholds
would drastically increase the number of data points, but at the expense of accuracy in
average anisotropy values.
In the case of RhB (1 µM in 95% glycerol), the maximum intensity over HH
was 78. All data points lower than 7.8 in all four TSFS data matrices were set as missing
values (“NaN” in MatLab). In this way, the generated anisotropy data matrix contained
only those values that were representative of the fluorophore and visualization of the
anisotropy-TSFS spectrum was greatly improved (Figure 40b).
The EEM polarized spectra of RhB contained Rayleigh light scatter that crosses
the spectra diagonally at λem = λex (Figure 42a) and generated an artefact that remains
visible in the anisotropy-EEM spectrum even after the spectral threshold was applied
(Figure 42b). The Rayleigh scatter is highly polarized118 and distorts the r-values.
The variation in r-values decreased from 4.37% in the EEM data containing the Rayleigh
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scatter artefact, to 2.31% in the TSFS data which did not contain the artefact. After
removal of the Rayleigh scatter artefact from the EEM data, the accuracy was similar to
the TSFS measurements (Table 20).

Figure 42: a) VV polarized EEM and b) anisotropy-EEM (with applied 10% threshold)
spectra of RhB 1µM in 95% glycerol.

Table 20: Effect of MDF method selection on accuracy of anisotropy values of RhB 1μM in
95% glycerol.

Scan method

Anisotropy

RSD (%)

Pixel count

TSFS

0.385

2.31

1100

EEM

0.391

4.37

1388

0.382

2.37

1285

EEM
(after Rayleigh scatter
removal)
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3.8 Conclusions
RhB solutions in a motionally restricting solvent (95% glycerol vol.) were used to
validate and create a protocol for MDF anisotropy measurements. RhB is a suitable
steady-state fluorescence anisotropy standard with r-values that are independent of
wavelength and constant across a wide excitation/emission landscape.228 Although an
equilibrium exists between the monomer and dimer form of Rhodamine B, as seen from
the excitation/emission spectra, it did not affect the overall anisotropy values or
accuracy.233
The RhB anisotropy standard was used to develop a measurement protocol
suitable for MDF anisotropy studies. For example, tasks that might seem straight-forward
in the case of conventional 2-D anisotropy, like spectral visualization, become more
challenging when dealing with MDF anisotropy. Factors like the effect of polarization
filters, scattered light, scan method (EEM or TSFS), scan speed, number spectral points
collected, and intensity threshold were taken into consideration in order to establish an
optimum scanning and data interpretation protocol.
TSFS was the MDF method of choice as it showed higher accuracy of anisotropy
measurements compared to EEM due to exclusion of light scattering artefacts. The
polymer thin film polarization filters absorb a significant amount of light, thus wider
excitation/emission slits were used compared to non-polarized scans. Even so, the
polarized intensity was still lower than the non-polarized intensity by a factor of
approximately 10. The spectral cut-off point of the polymer thin film polarization filters
was at around 285nm. This come with some advantages and disadvantages. Light of
shorter wavelengths was transmitted through the filters, thus Phe was not excited while
Trp and Tyr were excited only at wavelengths higher than their absorption maximum. At
the same time, this produced a spectral reshaping that plays an important part in
facilitating chemometric analysis of polarized TSFS data.
MDF anisotropy calculations were performed using MatLab. For this, a spectral
threshold needed to be applied to polarized TSFS. This eliminated the low intensity and
noisy data points that were responsible for very high/low and non-representative
anisotropy values that obscured the MDF anisotropy spectra.
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After establishing the optimum scan/data analysis protocol with RhB, we moved
to applying the anisotropy-TSFS method to analyzing a model biogenic broth consisting
of yeastolate spiked with BSA. The aim was to perform a quantitative/qualitative assay of
the protein by isolating the protein signal from the highly complex mixture based on its
MDF anisotropy.
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4. Fluorescence anisotropy method for measuring
protein concentration in complex mixtures
4.1 Introduction
The results presented in this chapter were published6 in Analytica Chimica Acta in
March 2014. This chapter presents an expanded version of the paper and the use of the
anisotropy TSFS method for protein analysis in complex cell culture media.
Macromolecule production using cell culture requires the use of complex nutrient
media to maintain optimal physicochemical conditions for productive growth. Cell culture
media have very diverse, and complex chemical compositions. Despite the recent trend
towards the use of chemically defined media, there are many systems where components
like complex biogenic hydrolysates18 or proteins22 are key constituents added to improve
cell growth. Most media for mammalian cell culture are complex mixtures of components
with component concentrations ranging from ppm to 5-10% w/w, making comprehensive
analysis challenging. However, the analysis and control of cell culture media variance is
critical in industrial biotechnology. Conventional methods for media monitoring and
specific component analysis have been covered in the introduction chapter of this thesis
(see section 1.1) For measuring protein concentration in media solutions (without
purification) the only viable option is to utilize one of the specific colorimetric based
assays (e.g. Lowry, Bradford, and BCA assays) .64 Unfortunately these methods require
various degrees of sample manipulation and reagent addition, neither of which are
desirable.
Fluorescence spectroscopy is an attractive alternative for near real time on-line/atline and non-destructive monitoring of biogenic process and raw materials quality
control.234 This is because some significant constituents of culture media are intrinsically
fluorescent, like riboflavin, pyridoxine, and some amino acids (Phe, Trp, and Tyr) and
they can be detected at low concentrations (mg–µg/ml).32,

57, 234

However, the

compositional complexity of cell culture media causes problems with fluorophore band
overlap.59 For example, the intrinsic fluorescence of a protein like BSA is dominated by
emission from Trp with lesser contributions from Tyr and Phe.235 This overlap of media
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amino acid and protein emission (Figure 43) makes protein quantification difficult using
standard emission spectroscopy.

Figure 43: Example of TSFS contour (top) and mesh (bottom) maps for yeastolate solution
(a, c) and yeastolate solution spiked with BSA (b, d) showing the complete overlap between
fluorescence emissions of BSA and free amino acids in yeastolate.

Polarization measurements can introduce a new dimension to regular MDF
spectroscopy of complex materials that offers a new insight on the origin of the emitting
fluorophore.236,

237

Components in complex mixtures can be differentiated by their

hydrodynamic volume and rotational speed.238 Fluorescence anisotropy as a technique has
been applied to the study of protein interactions, protein structure, reaction kinetics that
occur with changes in molecule rotational time, changes of local viscosities and protein
distribution in cellular membranes.111, 116, 235, 239-242 However, the method has only rarely
been applied to complex biogenic mixture analysis243-246 and the use of MDF with
anisotropy is not common. Polarized EEM fluorescence spectroscopy has been used to
study multi-component fluorescent dyes mixtures and spin-coated polymeric thin films
118, 119, 247

, but we are unaware of any application to biogenic systems.
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This study showed how anisotropy incorporated into MDF measurements can
accurately characterize and quantify protein in cell culture media.

Fluorescence

anisotropy discriminated between fluorescence emissions of small molecule media
components and the large molecule protein component.

Yeastolate (a complex

hydrolysate) spiked with BSA was used as a realistic model cell culture media akin photophysically to those used in industrial biotechnology. BSA emission

185, 186, 248

overlaps

completely with the complex emission of yeastolate (Figure 43) which contains
appreciable amounts of both Trp and Tyr 234, 249.

4.2 Spectral analysis
For cell culture media analysis a relatively broad spectral range was selected for
the polarized TSFS scan to include the emission domains of Trp, Tyr, and riboflavin
(λex = 280–370 nm, Δλ = 20–150 nm, λem = 300–520 nm, Figure 43). This also led to the
inclusion of Raman scatter in the TSFS data. However, this should not be a significant
issue where the samples have a relatively strong fluorescence emission, which is the case
with most cell culture media, both chemically defined and biogenic hydrolysates.56, 234, 249,
250

For more weakly emitting media, the TSFS data range could be adjusted to avoid

collection of the Raman band arising from the O–H stretching band of water
(λex = 280–310 nm, Δλ = 20–150 nm). Rayleigh scattering was avoided in the media TSFS
spectra by use of a Δλ setting of >10 nm which both eliminated the need for light scattering
removal by computational means and improved the anisotropy calculation accuracy. A
benefit of using TSFS was that data collection was approximately 1.7 times quicker than
EEM (for the same spectral region).
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Figure 44: Variation of maximum relative signal intensities (for the BSA/amino acids
spectral region, λex = 300 nm, λem = 352 nm) with BSA concentration, using different
polarization setting. a) Yeastolate spiked with BSA samples and b) BSA in PBS buffer
samples.

Yeastolate spiked with BSA produced weaker fluorescent emission intensity than
BSA alone in buffer solution at concentrations above 0.5 mg mL–1 BSA due to quenching
and IFE between all the various components present the complex mixture (Figure 44).
When one tries to consider which components affect TSFS emission, once has to consider
not only the fluorophores, but also the non-emitting chromophores, and the quenchers.
All of these species act in concert and it can be very difficult to separate out individual
contributions from a complex sample matrix like cell culture media. For example, the
quenchers could be any of the paramagnetic ions present in the media like Cu2+, Zn2+ and
Mn2+.71, 251 Another important quencher present in yeastolate is free histidine (0.5% w/w
according to product technical manual) which can quench emission from both free and
bound Trp.252 To further complicate matters, each quencher may quench different
fluorophores at different rates as free and bound Trp and Tyr have different
accessibilities.71
As for the non-emissive chromophores, there are a wide variety of molecular
species present in yeastolate (too many to detail), all of which will either absorb the
excitation or emission light to varying degrees. Finally, in terms of fluorophores,
yeastolate contains a variety of which Trp, Tyr, Phe, folic acid and riboflavin are the most
dominant.249 Identifying specific component effects is not however always required as the
cell culture media formulations should have a static composition when used in industrial
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applications.234 This means that the contribution to fluorescence emission of the small
molecules (and all the processes that act on the emission) should be stable and the only
variation should arise from the variation in protein concentration.

Figure 45: HH polarized TSFS spectra of a) 2.5 mg mL–1 yeastolate, b) 2.5 mg mL–1 BSA in
PBS buffer, c) 2.5 mg mL–1 yeastolate spiked with 2.5 mg mL–1 BSA, d) 2.5 mg mL–1
yeastolate spiked with 5 mg mL–1 BSA, and e) PBS buffer.
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The HH polarized TSFS spectra (Figure 45) of the model media (yeastolate) and
BSA in buffer solution clearly showed the spectral overlap between the emission of free
Trp/Tyr amino acids and Trp/Tyr residues in BSA at λex = 290–310 nm and
Δλ = 20–120 nm. BSA exhibited, as expected, stronger fluorescence emission with HH
measurements compared to VH/HV, due to its slower rotational speed. The most polarized
emission occurs at λex/λem = 300/340 nm which corresponds to Trp emission (blue shifted
compared to free Trp in aqueous solution because of incorporation into the more
hydrophobic domains of the protein). For yeastolate, the maximum intensity in the HH
plots occurred in two regions λex/λem = 300/360 nm (closer to free Trp emission56) and at
λex/λem = 335/425 nm. The latter band could be related to pyridoxine253, NADH59, or other
fluorophores present in yeastolate.
The polarized fluorescence emission spectra displayed different intensity maxima
as the polarizer settings were changed (Figure 44). The highest intensity was over the HH
and VV polarization settings. This is to be expected, as the light emitted by BSA would
retain a high degree of polarization due to its relative slower rotational speed.

Figure 46: Variation of HH polarized emission maximum with BSA concentration in
2.5 mg mL–1 yeastolate solution.

As BSA concentration increased relative to yeastolate, we observed in the HH
plots that the λex/λem = 300/355nm band blue shifted to ~ λex/λem = 300/343nm (Figure 46)
and then became more intense relative to the λex/λem = 335/425 nm band. Above
2 mg mL–1 protein concentration, the emission maximum did not shift anymore, meaning
that the BSA emission completely dominates over the free amino acids emission.
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The position of the λex/λem = 335/425 nm band appears to remain relatively constant, with
possibly a small red-shift in the excitation wavelength.

Figure 47: Anisotropy TSFS contour plots of: a) yeastolate solution spiked with
5 mg mL–1 BSA, b) yeastolate spiked with 2.5 mg mL–1 BSA, c) yeastolate spiked with
0.5 mg mL–1 BSA, d) yeastolate, e) pure BSA 5 mg mL–1 in PBS buffer and f) pure BSA
5 mg mL–1 in PBS buffer. Yeastolate concentration in a)-d) was maintained constant at
2.5 mg mL–1.

Page 117 of 232

4. Fluorescence anisotropy method for measuring protein concentration in complex mixtures

The aniso-TSFS plot of pure yeastolate solution (Figure 47d) showed that most of
the emission space has negligible anisotropy. For the amino acid emission region
(~λex/λem = 290–310/300–430 nm) r = 0.036 ±0.006, which was due to the small molecular
size and high rotational speed of the small molecule fluorophores. There was a small
region of slightly higher anisotropy starting at λex/λem = 320/360 ±10 nm which most likely
corresponds to highly polarized Raman scatter228 from the O–H stretching vibration
(~3400 cm–1). We also considered that this artefact could have been caused by the
presence of some relatively high molecular weight fluorophores in the Bacto grade
yeastolate used. However, when ultra-filtered yeastolate (M.W. cut-off <10 kD, DifcoTM,
BD) was tested we observed a similar artefact pattern and concluded that the artefact was
related to Raman scattering (Figure 48).

Figure 48: Aniso-TSFS contour plots obtained for pure yeastolate solutions: a) Bacto, and
b) Difco UF, showing the anisotropy artefact due to the O–H stretch band. White line
shows the center of the O-H stretch band.

The aniso-TSFS contour plots of the model cell culture media doped with BSA
(Figure 47a-c) were very different. Unlike the homogeneous small molecule fluorophore
(RhB, see section 3.6) it showed significant variations in the anisotropy values across the
emission space due to the presence of multiple Trp and Tyr fluorophores in BSA. This
anisotropy pattern was also clearly visible in the aniso-TSFS plot for pure BSA in buffer
(Figure 47e). The striped pattern observed was generated by a variety of factors, the most
important of which was FRET from the Tyr to Trp residues in BSA. A second major factor
was the fact that the two Trp residues (Trp-134 and Trp-213) in BSA occupied different
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environments. Trp-213 in BSA was located in a hydrophobic micro-environment (subdomain IIA), while Trp-134 was localized in sub-domain IA, which was more exposed to
solvent and thus in a more hydrophilic environment.187 Thus Trp-213 emission was
slightly blue shifted with respect to the Trp-134 emission. The emission of each Trp
residue was in itself heterogeneous254, which also contributed to the change in anisotropy
along the vertical λ axis. At shorter excitation wavelengths, proportionally more
excitation of the Tyr residues occurred, and the corresponding emission comprised of both
directly excited emission from Trp and Tyr, Trp emission from hetero-FRET, and also
Tyr emission via homo-FRET. In the following chapters, a chemometric approach was
taken to resolve the emission contributions of Trp residues and groups of Tyr.
It was also clear that the anisotropy banding in the aniso-TSFS plots was subtly
different for the BSA in buffer and when mixed with yeastolate. In the BSA-yeastolate
mixtures, the source of emission became more complex and one had to consider the
impact of all the additional small molecule fluorophores and quenchers now present.
There were a number of processes and interaction pathways possible, each of which
influenced the anisotropy pattern:
 radiative energy transfer between small and large fluorophores,
 small fluorophores from yeastolate binding to BSA, and
 non-fluorescent small molecule ligand binding to BSA causing structural changes,
which resulted in turn to changed photo-physical properties.
For BSA-yeastolate mixtures we also observed a small anisotropy increase outside
the amino acid region, with r = 0.041 to r = 0.098 ±0.010 for the λex range between 330
and 370 nm. The source of this increase was not conclusively identified, and it may not
be entirely possible with a complex poorly characterized media like yeastolate. There
were two likely contributing factors. First, the observation was due to a combination of
energy transfer and quenching effects that were characteristic of complex multifluorophore mixtures. This was partly polarized light emission from BSA being
radiatively absorbed and re-emitted by the long wavelength emitting vitamins like
pyridoxine which is known to be present. The second explanation was that the partlypolarized emission observed at these longer wavelengths was due to fluorophores
absorbed by BSA. These absorbed fluorophores are in a restricted environment and thus
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displayed a much increased rotational correlation time. For pyridoxine, the absorption
process (although not the anisotropy change) has been monitored using synchronous
fluorescence.255 Irrespective of which process dominated and the specific species
involved, the observation was not significant in the context of the protein quantification
assay, but was significant in terms of media characterization.

4.3 Quantification of BSA in model cell culture media
Since BSA was a multi-fluorophore macromolecule with anisotropy values that
were not constant across the entire emission range, a data matrix had to be selected that
contained sufficient anisotropy variation to produce a representative r-value. BSA
quantification was performed using anisotropy values obtained from the spectral region
of maximum protein fluorescence emission (λex = 295–306 nm, Δλ = 30–58 nm, 15 × 12
data matrix). The anisotropy values of BSA in buffer solution remained relatively constant
(0.223 ±0.004) over the 0.1 to 5 mg mL–1 concentration range (for a 15 × 12 data matrix)
and were in good agreement with a previously published value of 0.219 ± 0.002 obtained
for dansyl-labeled BSA.199 However, for the yeastolate solutions the anisotropy values
decreased as the BSA concentration dropped (Figure 49) and the BSA emission becomes
less dominant with regards to the free amino acids. The change in the slope of anisotropy
vs BSA concentration (concave down point) occurs at around 2 mg mL–1. This
corresponds to the protein concentration at which the emission maximum shows the
greatest blue-shift (Figure 46).
Aniso-TSFS measurements of the cell culture mixtures showed good
reproducibility, with an RSD of 0.89% at 4 mg mL–1 and 5.14% at 0.5 mg mL–1 BSA
concentration respectively from 10 replicate measurements on separate samples. When
data matrices varying in size from 8 × 5 to 20 × 17 centered on the same maximum
emission were used, the variation in average r-values was no more than ~2%. While small
changes in matrix size did not have major influence on r-value accuracy, it still was critical
to specify a fixed region for quantification.
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Figure 49: Aniso-TSFS protein assay showing the relationship of protein anisotropy
(λex = 294–305 nm, Δλ=30–58 nm, 15 × 12 data matrix) with concentration, compared to
the Bradford assay showing the relationship between absorbance of the colored protein
complex with concentration. All measurements were performed in triplicate.

Figure 50: Log-linear plots of anisotropy and absorbance for BSA – yeastolate mixtures
and pure BSA in PBS buffer vs protein concentration for the aniso-TSFS (λ = 294–305 nm,
Δλ = 30–58 nm, 15 × 12 data matrix) and Bradford assays. All measurements were
performed in triplicate.
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To validate the measurement method, we compared the aniso-TSFS method with
a common colorimetric method for protein concentration measurements, the Bradford
assay. This method was based on the reaction between a dye (Brilliant Blue G) and basic
amino acid residues in proteins (see section 2.4). This generated a colored complex that
shifted the absorption maximum of the dye from 465 to 595 nm. For both methods the
linear BSA concentration ranges (Figure 49) were small with the aniso-TSFS method
being ~ 0.1–0.5 mg mL–1 and the Bradford assay 0.1–1.4 mg mL–1. To extend the
application of both methods for higher BSA concentrations we applied a semi-log model
with a Log-linear plot (Figure 50). In both cases we obtained excellent linear plots
(R2 > 0.99) over the 0.1 to ~4 mg mL–1 concentration range. The Bradford assay
measurement accuracy was slightly better at BSA concentrations above 1.5 mg mL–1, but
was considerably lower at BSA concentrations below 1 mg mL–1 compared to aniso-TSFS
(Figure 51). For the aniso-TSFS method, a limit of detection (LoD) of 13.8 µg mL–1 was
calculated from the semi-log model. Since 1 mg mL–1 was a typical protein concentration
for cell culture media, this made the aniso-TSFS method an ideal rapid quantification tool,
particularly since virtually no sample preparation was required.

Figure 51: Relative standard deviation of aniso-TSFS and Bradford methods across the
entire concentration range.
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4.4 Comparison to common methods for protein assay
In comparison to competing analytical methods, like the Bradford assay and A280
absorption spectroscopy method (other methods presented in Table 21), the aniso-TSFS
requires no sample preparation whereas the Bradford assay requires the addition of
reagents and A280 requires a significant amount of sample preparation to remove all the
interfering components from the media. Furthermore, neither A280 nor the Bradford assay
generate any additional detailed “collateral” information for variance analysis.
Table 21: Selection of common methods used for quantifying protein concentration.

Method
type

Examples

Comments

LoD/linearity

 requires pure protein
samples;
Direct quantification at
280 nm 64

 requires relatively
high protein
concentration;

5 - 100 μg mL-1
(European
Pharmacopoeia 5.0 )

 non-destructive.

Photometrical

Protein-dye
complexation
(Bradford, Lowry,
BCA)64

 reagent addition
required;
 destructive.

0.1 - 1.4 mg mL-1
(Bradford assay)

 trace detection
possible with pure
samples;
Standard Fluorescence
methods256

 susceptible to

40 ng - 200 µg mL-1
(for Fluoroprofile

interference (other

protein quantitation

fluorophores, pH);

kit)

 non-destructive after
purification.
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 requires protein
SDS-PAGE 257-259

staining for
visualization;
 semi-quantitative.

250 fmol BSA
(Coomassie R250
staining)

Affinity
chromatography,
HPLC-UV,

 requires extensive
sample preparation.

Size Exclusion

1 µg – 10 mg mL-1
(Protein A HPLC
method)

Chromatography 260, 261

4.5 Conclusions
A new method6 for quantifying protein concentration in highly complex mixtures
used in BioPharma manufacturing13 was presented. This method relies on the use of MDF
spectroscopy and fluorescence anisotropy to discriminate the protein fluorescence from
the background media.
The method is rapid, accurate, non-destructive, and requires no sample handling
apart from pipetting the sample into a cuvette. Operationally, the TSFS measurement
approach was found to be superior to EEM because it intrinsically eliminates the Rayleigh
scattering artefacts and was somewhat faster. The aniso-TSFS method was able to clearly
discriminate fluorescence emission from the large protein molecule against the complex
background emission from small molecule fluorophores.
The linear concentration range for the aniso-TSFS method is small
~ 0.1–0.5 mg mL–1, but the semi-log range was good over the 0.1–4 mg mL–1 which covers
the expected concentration range for most cell culture media. The advantages of using
MDF measurements rather than single point or 1-D spectral anisotropy measurements are
two-fold. First, the aniso-TSFS measurement provides data that can be used for
identification and variance analysis234, 249 or yield prediction, using chemometric analysis.
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Second, the method provides more in-depth information about molecular composition in
terms of fluorophore size and interactions between small and large fluorophores.
The aniso-TSFS pattern was a specific feature for BSA, which contains multiple
fluorophores with overlapping emissions. This was opposite to the constant anisotropy
over the entire emission space, which was observed for the single fluorophore RhB
solutions. In the following chapter, multivariate data analysis methods were used to
determine the contributions of individual emitters to the overall protein anisotropy.
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5. Development of ARMES and the structural analysis
of HSA
5.1 Introduction
Accurate characterization of macromolecule structure, stability, and aggregation
is a critical and challenging task in analytical science. To provide real time information
regarding protein stability, the analytical method should be rapid, require minimum
sample handling and provide high-information content. Spectroscopic methods can fulfill
most of these requirements and fluorescence spectroscopy is widely used.71, 262-265 The use
of intrinsic fluorescence is attractive because it facilitates analysis of proteins in their
native

state

without

extrinsic

labels,

which

may

change

macromolecule

structural/chemical properties. For example, the hydrodynamic radius of HSA at 25 °C
was variously reported to be between 31.5 and 35.6 Å266-268 in the native state, and
39.1 ±2.5 Å with a TMR label.269
One of the most widely studied and important proteins involved in human health
is HSA (Figure 26) because of its abundance and role as a transport protein. A more
detailed structural description of HSA has been given is section 1.6.1.
In MDF spectroscopy, the data map generated is in essence a spectral fingerprint
of the multiple fluorophores present in a protein or a complex sample.169, 234 Fluorophore
spectral properties are influenced by a variety of factors linked to protein structure
(i.e. FRET, electron transfer quenching by peptide bonds, variable solvent exposure, and
IFE).94, 185 More specifically the precise fluorophore location and separation between
fluorophores and quenchers are the critical parameters. The combination of all these
factors determines the gross topography of the emission space and thus generates a unique
MDF spectrum. The use of EEM for observing HSA structural changes during freezing
has been demonstrated,270, 271 but multivariate analysis was not used to better understand
the observed spectral changes in terms of the individual fluorophores.
One of the main problems with fluorescence spectroscopy in general is that the
broad excitation and emission bands result in extensive spectral overlap between the
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chromophores and fluorophores in complex mixtures. Chemometric techniques can be
used to resolve contributions and extract relevant and useful analytical information from
complex MDF data.272 Broadly speaking, there are three major approaches to MDF data
analysis. First, the use of multi-way versions of PCA to assess how spectra differ. Second,
the use of supervised regression based methods to correlate the observed spectral
variations with useful variables like concentration. Third, the use of spectral
deconvolution methods like MCR149, 273-275 and PARAFAC.276-278 These last two methods
can identify individual constituents, which can then be associated with specific
fluorophore emission, and component scores can be correlated with concentration.
However, even with chemometric analysis, the emission is not resolvable, so one has to
examine the use of other properties to facilitate fluorophore resolution.
Combining anisotropy with MDF6 enabled the differentiation and quantification
of fluorophores (protein from free amino acids) with similar emission properties in
complex mixtures, based on their rotational speed and hydrodynamic volume, and thus
the molecular size, or for macromolecules the mobility/flexibility of the constituent
fluorophores (see chapter 4). However in multi-fluorophore proteins, anisotropy was not
constant across the emission space, and thus the 4-D (λex × Δλ × I × r) data generated by
aniso-TSFS was not always straightforward to interpret. While some literature on 4-way
data analysis is available,279, 280 none involved anisotropy.
In this chapter, a new methodology for protein structure analysis using aniso-TSFS
measurements and chemometrics is shown. We looked first at the constituent polarized
spectral data using MCR to identify each emitter, and then determined how each
individual constituent emitter (both fluorescent and phosphorescent) behaved in the
different polarization states in terms of spectral emission and contribution. From this, an
initial protein-unfolding model was generated that agreed with the extensive HSA
literature. Second, we validated the unfolding model by calculating the anisotropy values
and

aniso-TSFS

plots

assessing

how

each

emitter

behaved

in

terms

of

mobility/accessibility changes. It was this combination of methods that provided a unique
and very comprehensive picture of how each individual fluorophore was affected by
protein structural change.
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This combination of anisotropy, MDF measurements, and factor-based
chemometrics was termed “Anisotropy Resolved Multi-dimensional Emission
Spectroscopy” (ARMES). The results presented in this chapter were published7 in
Analytica Chimica Acta in July 2015.

5.2 Spectral analysis
As previously mentioned (see chapter 2), four separate polarization datasets (HH,
VV, VH and HV) were collected. The first thing of note was that the polarized emission
intensity of HSA was approximately an order of magnitude lower than standard TSFS
measurements (Figure 52) which caused a significant reduction in SNR. It was expected
that the difference in intensity between polarized and non-polarized emission of HSA
would be greater than in the case of RhB, due to the low polarizer transmittance in the
amino acids region (see section 3.2 and Figure 34).
HH polarized spectra of HSA were more intense than the VV, VH, and HV,
suggesting that the majority of fluorophores were orientated at angles closer to the
horizontal axis of polarization. HH and VV spectra were more intense compared to HV
and VH due to the more rigid fluorophore environment that does not determine a
substantial shift between the excitation and emission dipoles. For HSA, strong emission
from Trp and Tyr was observed over λex = 280–320 nm and Δλ = 20–140 nm ranges
(corresponding to λex = 280–320 nm and λem = 300–460 nm EEM ranges). A weaker broad
band (λex = 290–370 nm and Δλ= 40–150nm), corresponding to emission band maxima at
444 nm (HH/VH) and 454–460 nm (VV/HV) spectra was ascribed to Trp–214 RTP.
TSFS spectra and the constituent emission and excitation maxima were all
significantly red-shifted. This was because most standard fluorescence spectrometers (as
used here) have thin film polarizers for anisotropy measurements and these typically cutoff below 290 nm which resulted in distorted MDF spectra. This caused the excitation and
emission maxima of HSA and of the recovered MCR components to be red-shifted. This
observation was explained in detail in section 3.3. The polarized TSFS spectra have a
different shape compared to non-polarized spectra (Figure 52a-d compared to Figure 52e).
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One advantage of this effect is that it compensated for the lack of trilinearity in TSFS data
which facilitated reliable spectral deconvolution using MCR.

Figure 52: TSFS spectra of HSA (1 mg mL–1) in PBS at 20 ºC: a) HH, b) VV, c) VH, d) HV
polarized, and e) non-polarized.

Aniso-TSFS plots (Figure 53) have a distinct striped pattern, which highlighted
the significant anisotropy variation across the emission space. This was due to numerous
factors including: fluorophore type and number, variability in mobility of fluorophores
located in different protein domains, variations in intra-molecular FRET, and changing
local chemical environment. HSA aniso-TSFS patterns were very different for thermal
compared to chemical denaturation because of the different unfolding pathways. Aniso-
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TSFS analysis showed good reproducibility, the majority of data points showing relative
standard deviations of less than 5% (see Figure A-3 in Appendices).
Univariate anisotropy analysis (Figure 54) of both thermal and chemical unfolding
clearly showed changes in protein behavior with stress. It was also clear that the unfolding
process mechanism was different in each case. The anisotropy varied at a slightly different
rate at lower emission wavelengths compared to longer ones, however this approach is far
from providing an in-depth explanation on the changing anisotropy patterns and to how
this correlates with the protein unfolding pathways. To better understand these variations
in MDF anisotropy, a chemometric analysis was performed.

Figure 53: Changes in the aniso-TSFS contour plots for HSA 1 mg mL–1 in PBS
undergoing thermal unfolding: a) 10 ºC, b) 50 ºC, and c) after cooling from 7020 ºC, and
chemical unfolding at 20 ºC with: d) 0 M, e) 2 M, and f) 4 M GuHCl. The color bar on the
right represents anisotropy.
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Figure 54: Variation in average anisotropy and normalized anisotropy of HSA (1 mg mL–1
in PBS) with a,b) thermal denaturation (10–70 °C and cooling to 20 ºC – next day), and
c,d) chemical denaturation using GuHCl (0–4 M) at 25 °C. The anisotropy was calculated
by averaging of all values from the anisotropy excitation spectra at different Δλ.

5.3 Chemometric analysis of HSA thermal unfolding dataset
To identify which fluorophores generated the aniso-TSFS changes, MCR was
undertaken on the raw polarized (HH/VV/HV/VH) TSFS data. NPFPCA first estimated
the number of principal components in the augmented datasets. This showed that there
were always four significant components (i.e. fluorophores) present in all four differently
polarized datasets, which always explained >99% of the data variance (Table 22). MCR
modelling (Table 23) yielded the emission and excitation profiles (Figure 55), and the
scores for each component (Figure 56).
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Table 22: MCR model data fit for models with increasing number of components. This
showed that choosing 4 components was optimal in all cases.

Number of

MCR model cumulative fit (%)

components

HH

VV

HV

VH

3

99.80

99.34

99.61

99.77

4

99.89

99.63

99.73

99.86

5

99.91

99.66

99.75

99.88

6

99.91

99.68

99.77

99.88

Table 23: Summary of the MCR models obtained for the differently polarized datasets of
TSFS spectra from HSA (1 mg mL–1 in PBS buffer) that has been thermally stressed
(10–70 °C and allowed to cool overnight). The % variance captured by each MCR model
component (Fit %X) represents the sum-squared signal relative to the total signal in the
data.
HH
Comp.
Ex

Em

298

340

300

VV
Fit

Ex

Em

33.18

297

337

324

15.25

300

444

7.55

(%X)

HV
Fit

Ex

Em

22.21

296

338

324

12.27

300

454

19.31

354

45.84

(%X)

VH
Fit

Fit

Ex

Em

26.42

298

337

33.72

324

9.74

300

324

15.89

460

19.64

444

7.62

358

43.93

352

42.63

(%X)

(%X)

1
(s-Tyr)
2
(h-Tyr)

3
(RTP)
4

296,
338
296

300,
340
352

43.91

298

297,
338
298

(Trp-214)
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Figure 55: Normalized excitation (left) and emission/Δλ (right) profiles of the MCR model
components extracted from the HH (a/b), HV (c/d), VH (e/f), and VV (g/h) polarized
fluorescence datasets recorded during the HSA thermal denaturation experiment. MCR
analysis was performed on spectra collected over the entire temperature range, including
the cooling step. s-Tyr and h-Tyr are described in section 5.4.3.
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Figure 56: MCR scores plots and normalized MCR scores plots of the pure components
extracted from HH (a/b), HV (c/d), VH (e/f), and VV (g/h) polarized TSFS spectra of
1 mg mL–1 HSA in PBS undergoing thermal unfolding from 10→70 ºC and cooling from
70→20 ºC (nd - next day).
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The column vectors representing the excitation (a) and emission (b) profiles for
each component were multiplied to generate matrices (C) that represent the reconstructed
TSFS/EEM spectra of the individual components (Figure 57):
b ⊗ a = baT = C

Figure 57: Landscape plots showing the reconstructed pure MCR components for a) HH
polarized TSFS, b) VV polarized TSFS, and c) HH polarized EEM generated from the
TSFS data. For h-Tyr, s-Tyr and Trp-214 the contour lines have the same separation.
For RTP, the contour line separation is much less because of the weakness in signal.

Recovered excitation profiles often appeared to have dual bands, which were
artefacts caused by the TSFS data structure. Basically, RTP and amino acid emission can
lie along the same Δλ line, but with a different λex. This meant that MCR may not always
recover a pure excitation profile and thus satellite bands were obtained. Nonetheless, it
was clear which band was associated with each component. This effect can be eliminated
using EEM measurements where the real excitation profiles can be extracted. However,
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EEM was much more sensitive to Rayleigh scatter induced anisotropy artefacts.6 Overall,
for proteins the advantage of minimizing Rayleigh scatter artefacts outweighed the
excitation profile recovery, however, for unknown analytes EEM may be more
advantageous.
Another caveat with MCR of MDF data must be noted here, the recovered
excitation/emission profiles are invariant, which was a consequence of the linearity
requirement for MCR.149 This meant that the band shifts, which fluorophores experience
during environmental/structural changes,71 were not explicitly extracted by MCR. This
information loss about fluorophore environment was however, offset by increased
quantitative information provided by the MCR scores. In summary, profiles extracted by
MCR represent the best-fit spectra for each population of emitters and the scores give the
relative change in contribution, which incorporates changes due to spectral shifts.
All components showed higher scores (Figure 56) when the excitation and
emission polarizers had the same axis of polarization (VV and HH). This was expected
due to the slower fluorophore rotational speed in the more rigid protein. The normalized
scores plots show that each component changed at a different rate, which indicated
different fluorophore locations and processes at play. Furthermore, using the recovered
pure components (Figure 55), the anisotropy at each emission wavelength for each
component was then calculated (Figure 58). We expected that if the recovered
components were real, and not composite signals caused by co-linearity in the data, then
the calculated anisotropy should be relatively constant. This was the case, apart from
Comp3, where the feature at Δλ = 45 nm yielded an r-value close to one, indicating that
this feature was most likely scattering.71
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Figure 58: Wavelength dependence of anisotropy (dots) for MCR components of HSA with
overlaid MCR generated VV emission (continuous line). Anisotropy values >0.5
(or negative values) indicate regions of either very low spectral intensity (which lead to
inaccurate r calculations) or scattering artefacts.

5.4 Component assignment and validation
5.4.1 Trp-214 component
To validate the band assignments from the MCR analysis of the aniso-TSFS data,
we collected TSFS and polarized TSFS data from fluorophores N-a-Trp and N-a-Tyr in a
viscous solvent (glycerol). Figure 59 clearly shows the spectral reshaping that Trp and
Tyr fluorescence emissions undergo due to polarization filters.
The Trp-214 component (assignment based on peak position, Figure 59 left
column, high emission intensity, and literature references)178, 185, 214 dominated emission
(Figure 55) with ~42–45% of the explained variance (Table 23).

Page 137 of 232

5. Development of ARMES and the structural analysis of HSA

Figure 59: Non-polarized TSFS (top), HH polarized TSFS (middle) and aniso-TSFS
(bottom) spectra of: (left column) N-a-Trp (10–3 M), (middle column) N-a-Tyr (10–3 M),
and (right column) a mixture (18:1 molar ratio of N-a-Tyr and N-a-Trp, 10–3 M total
amino acids concentration) in 90% glycerol.

5.4.2 Trp phosphorescence component
Excitation profiles for the RTP component showed a weak band at ~300 nm and a
strong, broad band at ~340 nm, and the corresponding emission profiles were mostly a
broad band with a large Δλ of ~110 nm except for the VV data, which also showed a
narrow band at Δλ ~45 nm. This narrow band was due to the Raman band of water as it
had an anisotropy of ~1.0 and this feature was also present in TSFS spectra of PBS
(Figure A-2 in Appendices). To prove that the component 3 was representative of RTP,
the heavy atom/deoxygenation method was used to increase the phosphorescence
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signal.265 When MCR was re-run, component 3 scores increased dramatically
corresponding to the expected increase in RTP signal (Figure 60 and Table 24), while the
variation of the normalized scores with temperature remained the same (Figure 61). These
results correlate with previously published data on HSA and other proteins, and thus
confirm unambiguously the simultaneous observation/resolution of Trp phosphorescence
and fluorescence.194, 265
Table 24: Percentage variance (%var) captured by components in MCR models (10–30°C)
before (b) and after (a) addition of Na2SO3/KI. (Δλ represents the difference between λem
and λex, and the maximum emission wavelengths were calculated accordingly).
HH
Comp.

1b
(s-Tyr)

1a
(s-Tyr)

2b
(h-Tyr)
2a
(h-Tyr)
3b
(RTP)
3a
(RTP)
4b
(Trp-214)
4a
(Trp-214)

VV

HV

VH

Ex

Em

(nm)

(nm)

Fit
(%X)

Ex
(nm)

Em
(nm)

Fit
(%X)

Ex
(nm)

Em
(nm)

Fit
(%X)

Ex
(nm)

Em
(nm)

Fit
(%X)

298

340

38.4

297

337

17.7

296

338

25.52

298

337

30.8

298

340

32.9

298

338

13.2

296

338

21.12

297

338

31.7

300

324

14.4

300

324

9.6

300

324

8.98

300

324

14.3

300

326

15.6

300

326

8.8

300

326

8.65

300

326

16.1

296,
338

444

7.4

300,
340

454

21.9

297,
338

460

18.87

298,
338

444

7.6

298,
340

448

15.4

342

460

43.1

298,
338

460

34.93

298,
338

446

15.7

296

352

39.6

298

354

50.5

298

358

46.42

296

352

47.2

296

350

35.9

296

348

34.4

296

352

34.76

296

350

36.2

Page 139 of 232

5. Development of ARMES and the structural analysis of HSA

Figure 60: Plots of MCR scores of pure components vs temperature: a) before and b) after
heavy atom effect/deoxygenation, extracted from HH polarized TSFS dataset of HSA
(1 mg mL–1 in PBS).

Figure 61: Plot of the normalized MCR scores of RTP component vs temperature. Plot
shows the normalized values before and after heavy atom effect/deoxygenation for the HH
polarized TSFS dataset of HSA (1 mg mL–1 in PBS).

The RTP component showed a consistent rate of decrease up to 70 °C (Figure 56)
indicating that thermal quenching of RTP (i.e. vibrational relaxation) was occurring.
The plot of ln(MCR scores) vs 1/T gave straight-line plots (Figure 62). This clearly
indicated an Arrhenius like process, in other words a thermal quenching of RTP.

Page 140 of 232

5. Development of ARMES and the structural analysis of HSA

Figure 62: Plot of ln(RTP MCR scores) vs 1/T for the four raw polarized data sets. Plots
show good linearity except for the VV data where the highest temperature value deviates
significantly from linearity.

5.4.3 Components representing groups of tyrosines
Component 1 (s-Tyr) and component 2 (h-Tyr) have emission maxima of
337–340 nm and 324 nm, respectively, arising from two different emitting tyrosine
populations. s-Tyr represented the combined emissions of tyrosines located in the more
solvent exposed subdomain IIA/B (Tyr-263/-319/-332/-334/-341/-353/-367) which are all
relatively close to Trp-214 and thus more sensitive to FRET (R0 for Trp-Tyr varies from
9 to 18 Å depending on quantum yield and other factors).71 h-Tyr represented the
combined emission of all the other 11 Tyr residues: four located in the more hydrophobic
subdomain IIIA (Tyr-401/-411/-452/-497), five located in subdomain IB (Tyr-138/-140/148/-150/-161), and two in IA (Tyr-30/-84),281 which accounted for the emission blue
shift. Most of this second population were all further away (>15 Å) from Trp-214 and
should be slightly less FRET sensitive. However, h-Tyr showed a weak secondary band
at an emission wavelength corresponding to Trp, and we surmise that this may be due to
Tyr-Trp FRET involving Tyr-452 (in domain IIIA) which is relatively close. Furthermore,
anisotropy values calculated in this region are unreliable because the measured intensity
of the raw data was too low in 3 out of 4 cases.
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The FRET-anisotropy issue here is very complex because four competing factors
are at play: physical separation between the fluorophores and chromophores, emission
wavelength, quantum yield, and lifetime, all of which influence FRET and therefore
anisotropy.
The variation captured by h-Tyr was significantly lower than for s-Tyr (Table 23,
also see section 9.10 of Appendices) which was a consequence of the emission profile of
h-Tyr being incomplete as the emission maximum appears close to the lower ∆λ range
limit. The Tyr assignments agreed with the RTP study results where we saw a decrease in
the contribution from s-Tyr (Table 24) as the triplet pathway for Trp emission was
facilitated, indicating an interlinked FRET pathway with this Tyr population. The other
Tyr population being further away was not affected significantly. The fluorophore
assignments and spectral data from the extracted components all agreed with previously
published data.282

5.4.4 Validation of chemometric results
To validate the results generated by the chemometric analysis of the HSA datasets,
we used a series of control solutions containing mixtures of N-a-Tyr and N-a-Trp in 90%
glycerol and 10% PBS, at different ratios. The concentration of N-a-Trp was maintained
constant at 3.8×10–5 M, while the concentration of N-a-Tyr was increased to obtain Tyr
to Trp ratios of 5:1, 10:1, 15:1, 20:1, and 25:1. All solutions were analyzed in triplicate,
giving a total of 15 samples prepared. The least concentrated solution contained
1.9×10–4 M Tyr (2.28×10–4 M total amino acids), while the most concentrated solution
contained 9.5×10–4 M Tyr (9.88×10–4 M total amino acids). The aim was to provide
additional proof on the assignments proposed for the HSA components extracted by MCR
analysis.
Four polarized datasets were collected (HH, HV, VH, and VV). Chemometric
analysis was performed in a similar manner as in the case of HSA. NPFPCA analysis
yielded a total of 3 principal components present in the 4 polarized datasets (Table 25).
These components correspond to the Tyr fluorescence emission, Trp fluorescence
emission, and Trp RTP. The spectral profiles (Figure 63) extracted for each one of these
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components using MCR correspond to the spectral profiles of HSA components and of
pure Trp and Tyr solutions (Figure 59). It should be noted that for Tyr and Trp mixtures
only three components were extracted, as compared to HSA which yielded four. This is
because in HSA, Tyr residues are present in both hydrophobic environments as well as in
more solvent exposed regions, while in the pure Tyr and Trp solutions all Tyr molecules
were present in the same environment.
Table 25: Percentage variance captured by MCR model components extracted from
polarized TSFS datasets collected for N-a-Tyr and N-a-Trp mixtures.

Component Fit (%X) HH Fit (%X) HV Fit (%X) VH Fit (%X) VV
1 (Tyr)

8.49

3.25

9.02

4.06

2 (Trp)

77.22

76.25

77.04

66.42

3 (RTP)

14.18

20.23

13.81

29.03

The normalized scores plots for the Trp-RTP component showed no variation with
increasing ratio. The phosphorescence signal is expected to remain constant as the Trp
concentration does not change and temperature is maintained constant at 25°C. The scores
associated with the Tyr component increased as the concentration of Tyr increased, while
the scores for the Trp component remained constant. This trend was noticed up to a 20:1
ratio, after which saturation, energy transfer and IFE became prominent (Figure 64).
PARAFAC analysis (see section 9.3 of Appendices) performed on the same datasets
yielded similar results to MCR in terms of spectral plots and scores extracted for the three
components (Figure 65).
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Figure 63: Normalized HH a) excitation and b) emission profiles of MCR model
components extracted from the raw polarized TSFS dataset of N-a-Tyr and N-a-Trp
mixtures in 90% glycerol.

Figure 64: Normalized MCR scores plots of pure components extracted from HH, HV, VH
and VV raw polarized datasets. Mixtures of N-acetyl-Tyr and N-acetyl-Trp in 90%
glycerol were used with Tyr:Trp ratios from 5:1 to 25:1. N-a-Trp concentration was
maintained constant at 3.8×10–5 M.
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Figure 65: HH polarized a) excitation profiles, b) emission profiles, and c) scores plots of
components from PARAFAC model of raw TSFS dataset of N-a-Tyr and N-a-Trp
mixtures in 90% glycerol. Non-negativity constraints were applied for excitation and
emission modes.

The chemometric analysis of Tyr and Trp mixtures showed that emission from Tyr
is present in polarized TSFS spectra (where the spectral cut-off point appears at longer
wavelengths that the Tyr excitation maximum), and that the emissions of Tyr and Trp can
be individually resolved. MCR and PARAFAC analysis of Tyr+Trp mixtures yielded
similar results in terms of recovered spectral profiles (see section 9.7 of Appendices) and
scores of Tyr, Trp and RTP, and support the conclusion that the components extracted
from HSA polarized datasets are indeed representative of the fluorophores in its structure.
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5.5 Using ARMES to monitor HSA thermal denaturation
5.5.1 Thermal unfolding process
The Trp-214 component showed a clear multi-step process in all datasets
(Figure 56), with a gradual decrease of MCR scores up to ~40/50 °C, followed by a steep
drop between 50–60 °C as the HSA unfolds, exposing Trp-214 to a polar environment.
From 60–70 °C there was then again a small decrease. This agreed with the three-step
model with the expanded form being generated up to ~40°C, the second step between
50–60 °C with the unfolding of domain II, followed by complete, irreversible unfolding
at temperatures above ~60°C.197, 205, 283-285 s-Tyr and h-Tyr components displayed similar
yet non-identical changes in normalized MCR scores, signifying the different locations of
the Tyr residues contributing to each signal. s-Tyr (Tyr in subdomain IIB) scores changes
were closer in profile to Trp-214, which may be due to the closeness of the IIA and IIB
subdomains, and the resulting change in FRET efficiencies. Tyr residues located in the
more hydrophobic IA/IB/IIIA domains (h-Tyr) showed the least dramatic changes, and
weakest intensities because of their relatively low quantum yields.

Figure 66: Plot of the anisotropy change for each component obtained from the MCR
models of 1 mg mL–1 HSA in PBS with increase in temperature and cooling overnight from
7020 ºC (ND - next day). Anisotropy was calculated for the wavelength of maximum
intensity of each reconstructed component.
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Another view of the unfolding processes was obtained by evaluating the
anisotropy plots of each component (Figure 66). For RTP, anisotropy decreased almost
linearly indicating that the observation was a thermal quenching of phosphorescence and
that the RTP signal was seemingly independent of the thermally induced structural
changes. The RTP anisotropy value calculated for 70 °C was almost certainly unreliable,
as the measured phosphorescence intensity (as measured by MCR scores) did not agree.
This outlier was caused by the very low emission intensity (<5%) recorded for the VV
data (Figure 56).
For Trp-214 (subdomain IIA) a linear decrease was observed from 10–40 °C, then
a slight decrease in slope between 40–50 °C, followed by an increased anisotropy for
60–70 °C as the protein unfolds. The anisotropy values recovered here at 20°C were much
higher than those reported by other groups such as Flora et al.197 (0.27 vs 0.18). This was
because ARMES recovered only Trp fluorescence, which ensured minimal contribution
from RTP or Tyr emission to the anisotropy measurement. At 20ºC, HSA contains
~65-7% α-helix content, which decreased to ~53% at 65 ºC as denaturation progresses.214
The anisotropy drop (Figure 66) corresponds to loss in rigidity caused by the loss in
α-helicity for each subdomain. Above 50 °C, the measured anisotropy increase for h-Tyr
and Trp-214 could reflect increased β-structure formation because HSA at 25 °C was
reported to have no β-sheet content, while long-term exposure at 65 °C gives a ~20%
β-content.286, 287

5.5.2 Refolded structure
After thermal denaturation, HSA solutions were cooled overnight to 20 °C and
aniso-TSFS data recollected. Neither anisotropy (Figure 66) nor MCR scores (Figure 56)
returned to starting values thus proving that the refolded structure after thermal
denaturation was different. For example, the anisotropy of Trp-214 component at 20 ºC
changed from 0.27 in the native state to 0.31 on refolding after cooling from 70 °C. This
was clear proof that refolding of the hydrophobic pocket in subdomain IIA resulted in
either a more rigid structure where the local motion of Trp was restricted compared to
native state, or that the refolded state was more solvent exposed, leading to a Trp lifetime
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reduction which would account for an increased anisotropy (the increased anisotropy was
~11% which was the same as the mean lifetime decrease of 5.28 to 4.72 ns recorded by
Flora et al.197).
To understand more about the refolded subdomain IIA state we considered the
RTP signal where a slightly higher anisotropy was obtained, which again could be caused
by two factors: a change in local rigidity or fluorophore lifetime. However, MCR showed
that RTP was always greater after refolding indicative of a more restricted environment.
This combination of fluorescence and RTP data clearly proves that subdomain IIA became
more rigid, but solvent exposed in the refolded HSA after thermal denaturation above
60 °C. This agreed with Mitra’s conclusions from time-resolved and hydration studies
that subdomain IIA native structure was not fully recovered upon cooling.214
For the Tyr based components, anisotropy recovery on refolding differed.
s-Tyr recovered to 0.18 (80%) indicating that subdomain IIB did not fully recover to the
native state. This agreed with observations that after cooling, the protein recovered to only
~50% α-helicity as subdomain IIB remains unfolded.205,

285

h-Tyr on the other hand

recovered to a higher anisotropy of ~0.24, indicating that hydrophobic subdomain IIIA
refolded into a more compact structure compared to the native state. This can be explained
by the fact that unfolding of subdomain IIIA exposed a smaller hydrophobic area to the
solvent compared to the unfolding of subdomain IIA, which leads to lower structural
disruption.177, 288 This behavior was obvious from the scores plots where the degree of
change in s-Tyr was greater than that for h-Tyr.

5.6 Using ARMES to monitor HSA chemical denaturation
HSA 1 mg mL-1 in PBS was subjected to chemical unfolding using GuHCl at
concentrations varying from 0–4 M with a 0.5 M step. Analysis of HH, VV, VH and HV
polarized datasets was performed in a similar manner to the thermal unfolding study. The
four components extracted were similar to the ones from thermal analysis (Figure 67), in
terms of peak positions of excitation/emission profiles and % variance captured, over all
polarization settings (HH, VV, VH and HV).

Page 148 of 232

5. Development of ARMES and the structural analysis of HSA

Figure 67: Normalized excitation (left) and emission, Δλ (right) profiles of the MCR model
components extracted from the HH (a/b), HV (c/d), VH (e/f), and VV (g/h) raw polarized
TSFS datasets recorded during the HSA chemical denaturation (GuHCl) experiment.
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Figure 68: MCR scores plots and normalized MCR scores plots of pure MCR components
extracted from HH (a/b), HV (c/d), VH (e/f), and VV (g/h) raw polarized TSFS datasets of
1 mg mL–1 HSA in PBS undergoing chemical (GuHCl) denaturation.

Page 150 of 232

5. Development of ARMES and the structural analysis of HSA

The contrast between chemical and thermal denaturation in terms of component
anisotropy was striking. Measureable changes in protein structure start to occur at GuHCl
concentrations of 1–1.5 M with a maximum unfolding at 4 M GuHCl where a highly
random coil conformation was obtained. The anisotropy plots for each component
(Figure 69) clearly showed that this was a single step transition between the native and
the unfolded states, because the anisotropy change was the same for each emitter. This
agreed with previously published results,289, 290 Comparing the MCR scores (Figure 68)
shows very different behavior and it was interesting to note that the RTP component
contribution increased in a sigmoidal fashion (centered at 2 M GuHCl) as GuHCl
concentration increased. This was a result of a shorter RTP lifetime specific to the increase
in local flexibility caused by HSA unfolding.291 This comparison showed unambiguously
how fundamentally different the denaturation methods are in terms of effect on intrinsic
emission and how ARMES provides an important layer of information for structural
change elucidation.

Figure 69: Plot of the anisotropy change for each component obtained from MCR models
of 1 mg mL–1 HSA in PBS with increasing GuHCl concentration. Anisotropy was
calculated for the wavelength of maximum intensity of each reconstructed component.
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5.7 Conclusions
The quantification of protein content in complex mixtures by use of anisotropyTSFS (chapter 4) highlighted an interesting phenomenon. Proteins generate striped
patterns in their anisotropy-TSFS spectra, a feature that was not present in the anisotropyTSFS spectra of single fluorophore solutions (RhB, chapter 3). In this chapter, a
chemometric approach was used to understand the nature of these anisotropy patterns in
proteins. In this sense, HSA (a multi-fluorophore protein) was used as a model protein
and analyzed under different stress factors. HSA was chosen as it is a well-known protein
with a vast literature available8, 197, 288, 292, 293 to which the results obtained by the ARMES
method were compared. A series of pure fluorophore solutions (Trp and Tyr) were
analyzed in order to validate the chemometric results.
The ARMES (Anisotropy Resolved Multi-dimensional Emission Spectroscopy)
method7 was developed and makes use of MDF fluorescence, anisotropy and
chemometric data analysis. ARMES can be defined as the resolving of fluorophore
emission from mixtures based on the differential emission polarization of the constituent
fluorophores caused by variations in rotational correlation times or fluorescence lifetimes,
which was achieved by the use of multi-way chemometrics.
The ARMES method in this iteration with its combined use of aniso-TSFS and
MCR based analysis provides a unique approach for studying protein unfolding/folding/
denaturation processes. Since anisotropy in multi-fluorophore macromolecules is
fundamentally sensitive to both emission and excitation wavelengths, we get unique
spectral data which can be analyzed using MCR to show how the emission of each
fluorophore (or groups of closely related fluorophores) changes in terms of both intensity
and anisotropy. The anisotropy element in particular facilitates the resolution of near
identical fluorophores, which have overlapping emission spectra.
As with many fluorescence techniques, ARMES is non-destructive and relatively
rapid, but has distinct advantages in that it uses standard fluorescence spectrophotometers,
requires no extrinsic labels, and simultaneously delivers a wealth of information on the
environment and structures in which specific fluorophores are located. Another big
advantage is the fact that it is also feasible to recover ARMES data from samples in which
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there are interfering background signals from small molecule fluorophores, enabling
in-situ protein characterization, for example in the presence of cell culture media.
The current limitations of the method as currently implemented are largely related
to the time taken to collect all four constituent HH, VV, HV, and VH measurements
(approximately 15 minutes per measurement) and time required for data analysis. This
limits its application for kinetic measurements, and reduces the scope for high throughput
screening applications. However, these limitations might be overcome through revised
spectrometer design and the automation of the data analysis methods.
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6. Protein differentiation by ARMES and structural
analysis of BSA
6.1 Introduction
Protein differentiation and identification is of great importance with applications
ranging from quality control of BioPharma raw materials/products (i.e. production of
native or non-native protein structures294) to biochemical/medical research. Typically, one
would need to be able to assess deviations from the native structure, the subtle structural
differences between proteins belonging to a specific class, mutations of a protein, or
different unfolding/refolding paths that lead to different intermediate/final structures etc.
One common method used for protein differentiation and identification makes use
mass spectrometry and relies on peptide mass fingerprinting followed by comparison to a
protein database.295, 296 However, this method requires protein digestion with a protease
(i.e. trypsin) and does not fulfill the real-time or near real-time requirements of a
BioPharma setting. Furthermore, it is not applicable to studies of protein structural
changes.
SDS-PAGE is another method that can be used for protein differentiation based
on differences in molecular weight.297 The method cannot, however, be applied to
structurally similar proteins (i.e. albumins) where the differences in molecular weight
between different members of a class of proteins are negligible (66.437 KDa for HSA
compared to 66.430 KDa for BSA). Also, the method first requires a denaturation step
which involves the loss of any quaternary, tertiary and secondary structures, making the
method unfit for the study of subtle structural differences.
To look at structural differences between proteins with high conformational
similarity, or mutants of the same protein207, fluorescence185 and phosphorescence194
steady-state and time-resolved measurements are more suited as they provide information
regarding the environment and flexibility of specific protein residues/domains.
In this chapter, we used the ARMES method to study the structural changes that
occur during BSA unfolding/refolding and compared the results to HSA. The ARMES
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method provided us with a unique insight on the differences between the two albumins
based on: polarized emission, anisotropy patterns and variations in these patterns, number
of MCR components and variations in these components.

6.2 Effect of thermal unfolding on intrinsic emission of BSA
6.2.1 Spectral analysis of BSA emission
Four differently polarized TSFS datasets (HH, HV, VH and VV, Figure 70) were
collected for BSA 1 mg mL–1 solutions in PBS over the temperature range of 10–80 °C
(see section 2.6.1). The strongest emission corresponded to Trp and Tyr residues (Phe was
not excited due to polarizer cut-off point) and was present in the region of
λex = 280–320 nm and Δλ = 20–150 nm (equivalent to λem = 300–470 nm). The TSFS
plots obtained for BSA were very similar to those of HSA (Figure 52a-d) in terms of shape
and position, the main difference being the overall emission intensity. Trp RTP emission
was broad and appeared at significantly longer wavelengths (Figure 71), but cannot be
easily distinguished in the full range TSFS plots due to its low intensity.
When compared, the polarized TSFS spectra of BSA and HSA for the same
concentration in the same buffer (1 mg mL–1, PBS buffer), at room temperature and
collected using the same instrumentation, we observed a significantly higher emission
intensity for BSA (~2.7 times, over the HH polarization setting, Figure 70). This was due
to the second Trp residue in the BSA structure (Trp-134).
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Figure 70: Polarized TSFS spectra of BSA (1 mg mL-1 in PBS at 20 °C) over different axes
of polarization (HH, HV, VH and VV).

Figure 71: Contour plot of BSA Trp-RTP emission, over HH polarization setting. Peak is
not visible in the wide range BSA polarized TSFS plots shown above due to its low
intensity.
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Figure 72: Variation of polarized (a) and non-polarized (c) maximum emission intensities
of BSA and HSA with temperature, and the corresponding normalized plots (b and d,
respectively).

The more solvent exposed Trp-134 located at the protein surface dominated the
BSA emission, having a quantum yield approximately three times higher than the buried
Trp-213 (θ = 0.3 compared to 0.11, according to the classification of protein Trp residues
in discrete spectral classes by Burstein et al94). Similar to HSA, the decrease in emission
intensity of BSA with temperature became steeper above 50 °C, where the extended state
of the protein irreversibly lost its secondary structure. The emission intensities decreased
in a similar manner for the two albumins up to 55 °C, after which the emission intensity
of BSA decreased at a faster rate than for HSA. This can be observed in both the
normalized polarized and non-polarized emissions of the two proteins (Figure 72). One
explanation for this may lie in the increasing distance between domain I in which Trp-134
is located and the Tyr residues in the neighboring domains as the protein unfolds. This
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reduced the efficiency of Tyr-Trp energy transfer and increased the apparent rate at which
BSA emission was thermally quenched, compared to HSA. Trp-134 and Trp-213 are too
far away from each other (32 Å, measured using PyMol software, PDB ID 4F5S) and thus
there should be no significant homo-FRET.

Figure 73: Plots resulting from subtraction of normalized HSA spectra from normalized
BSA spectra (maximum intensity set to 1), over HH polarization setting. The regions where
Tyr, Trp and RTP are expected to emit have been highlighted in the 10 °C plot.

To better understand the differences between BSA and HSA emission, the
normalized polarized TSFS plots of the two albumins were compared. The normalized
TSFS plots of HSA were subtracted from the normalized TSFS plots of BSA, at each
temperature. This subtraction generated plots (Figure 73) that show the regions where
BSA emits more than HSA (yellow-red/positive regions) and where BSA emits less than
HSA (blue/negative regions). In these plots, values of 0 would suggest that the variety of
factors that influence emission (i.e. FRET, IFE, environment) have a similar effect on
corresponding fluorophores in both proteins. One can observe more emission for BSA in
the Trp region (yellow-red with peak maximum at λex = 302 nm, Δλ = 62 nm,
λem = 364 nm), but also less contribution from the Tyr residues to the overall BSA
emission compared to HSA (blue area with peak maximum at λex = 296 nm, Δλ = 24 nm,
λem = 320 nm). Moreover, the intensities of these peaks change with temperature, and to
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better visualize this trend, the maximum or minimum intensities of these peaks (depending
if the peaks were positive or negative) were plotted with temperature (Figure 74).

Figure 74: Variation with temperature of maximum/minimum peak intensity (depending if
peaks are positive/negative) for the three distinct spectral regions that highlight the
differences between normalized polarized TSFS plots of BSA and HSA (as seen in
Figure 73). These peaks correspond to the regions in which Tyr (max at λex = 296 nm,
Δλ = 24 nm), Trp (max at λex = 302 nm, Δλ = 62 nm) and RTP (max at λex = 340 nm,
Δλ = 98 nm) are expected to emit.

This clear distinction between regions in the emission spectra of albumins
provides further proof that the polarized intrinsic emissions of the two albumins were not
solely attributed to the Trp residues, and that Tyr noticeably contributed to the overall
emission, even with a polarizer cut-off point at longer wavelengths (~285 nm) than the
Tyr absorption maximum (275 nm). Furthermore, the spectral position of the Tyr peak in
the normalized subtracted plots matched the pure Tyr polarized spectra shown in
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section 5.4.1 (Figure 59) and also the excitation and emission profiles extracted from HSA
(see section 5.3, Figure 55) and BSA polarized datasets.
As the temperature increased to 70 °C, the differences between the BSA/HSA
spectra began to minimize and the peak intensities of Tyr and Trp regions (from the
difference spectra of Figure 73) reached 0.
The negative intensity of the Tyr peak is caused by Trp-134 in BSA. The FRET
between the hydrophobic tyrosines of domain III and Trp-134 caused the Tyr emission in
BSA to be more quenched compared to HSA. As the BSA molecule expands and the
distance between domains I and III increased, the Tyr – Trp-134 FRET efficiency
decreased until it became negligible at 70 °C where the Tyr quenching was almost
identical to that found in the expanded HSA. The variation of the Trp peak with
temperature is a mirror image of the Tyr one. This was expected, and can be attributed to
two main factors: less energy transfer from Tyr to Trp-134, and to a lesser degree the
increase in quantum yield for the buried Trp-213 as it becomes more solvent exposed.
The RTP peak does not reach zero at 70 °C, and this might be due to the different
environments in which the two BSA tryptophans are present.
Anisotropy TSFS plots were generated for each temperature (Figure 75). These
plots show distinctive striped patterns specific for proteins with multiple fluorophores in
their structure. The average anisotropy gradually decreases from 10° to ~50–60°, with an
increase upon further heating up to 80 °C (Figure 76a). However, the variation of the
average anisotropy with temperature might be misleading, as the r values at 10 °C
(r = 0.229 ±0.0002) and 80 °C (r = 0.231 ±0.016) were very similar, but correspond to
structurally different protein states.184, 205, 298 The changes in average anisotropy values
across the temperature range were also accompanied by a significant change in the overall
pattern. To quantify the changes in anisotropy pattern, we looked at the similarity index17
(Figure 76b) between a reference anisotropy matrix (10 °C) and the anisotropy matrices
at higher temperatures. The similarity index gives a better view on the significant changes
in anisotropy patterns with temperature. BSA showed similar average anisotropy values
at 10 and 80 °C, but significantly different aniso-TSFS patterns.

17

See section 2.7.2 for details on calculations.
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Figure 75: Changes in aniso-TSFS spectra of BSA 1 mg mL-1 in PBS undergoing thermal
unfolding at temperatures from 10 to 80 °C. The grey scale bar on the right represent
anisotropy. Each plot represents the average of three samples. The white regions represent
areas of emission lower than 10% of the HH polarized maximum emission that were set as
“NaN” (missing values in MatLab).

Figure 76: a) Variation of anisotropy with temperature (r was calculated as the average
over λex = 290–314 nm and Δλ = 20–108 nm, error bars are representative of triplicate
measurements). b) Similarity index between a reference aniso-TSFS matrix (10 °C) and
aniso-TSFS matrixes obtained at temperatures between 20–80 °C. .
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A simple visual analysis of the aniso-TSFS plots of HSA and BSA reveals some
differences. Although both proteins generate striped patterns that increase in anisotropy
values from lower to longer excitation wavelengths, BSA produced stripes that were more
tilted towards the vertical axis, while the HSA anisotropy stripes are tilted towards the
horizontal axis (Figure 75a compared to Figure 53a; plots were generated in a similar
manner as to avoid differences in patterns caused by plot scales). The variation in
normalized average anisotropy for the two albumins (Figure 77a) was almost identical
across the 10–70 °C thermal range, and did not reveal much in terms of specific unfolding
pathways. Looking at the changes in anisotropy patterns did in fact reveal some
differences. The similarity analysis of anisotropy patterns showed two main thermal
regions: the first from 10–50 °C where the similarity index is constant, suggesting that the
anisotropy patterns changed in a similar manner for the two proteins, and a second region
above 50 °C where the anisotropy patterns followed different trends (Figure 77b)
corresponding to different thermal unfolding pathways for the two albumins, as reported
in previous studies201, 299. Above 50 °C, the loss in α-helix occurs in parallel with the
formation of new structures.184 As the denaturation temperature of BSA was slightly lower
than that of HSA (discussed in section 1.6.3), the BSA refolding process would also have
a “head start”.
However, when looking at the similarities between BSA and HSA anisotropy
patterns during chemical unfolding with GuHCl (Figure 77d), it can be seen that both
proteins followed more or less the same unfolding pathway. This was because increasing
the GuHCl concentration leads solely to the increase in unfolded random coil for both
proteins and was not accompanied by a refolding process. This was in contrast to the
formation of new structures at temperatures above 60 °C during thermal experiments.
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Figure 77: Variation of HSA and BSA normalized average anisotropies with temperature
(a) and GuHCl concentration (c). Similarity between BSA and HSA aniso-TSFS patterns
(λex = 290–314 nm, Δλ = 20–108 nm) at temperatures between 10–70 °C (b) and GuHCl
concentrations between 0–4 M (d). In each case, the BSA aniso-TSFS matrix was set as the
reference matrix.

6.2.2 Factor based analysis: component recovery
To obtain a better understanding of the anisotropy resolved emission of BSA, we
had to try and resolve the various fluorophores in the BSA structure. To do so, we
implemented MCR in a similar manner to what we previously showed for HSA.7
Chemometric analysis was ran on datasets with the first mode representing
Δλ (20–150 nm with a step of 2 nm giving a total of 66 variables), the second mode
representing λex (270–380 nm with a step of 2 nm giving a total of 56 variables) and the
third mode representing the sample. MCR models were generated from datasets
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comprised of the polarized TSFS spectra of all 132 samples collected for the entire
temperature range (10–80 °C, 11 temperatures × analysis done in triplicate × four
polarization settings), and also from smaller datasets containing TSFS spectra for the
native (10–30 °C), intermediate (50–60 °C) and denatured (65–80 °C) states.

Table 26: Comparison between the variance captured by each component (sum-squared
signal relative to the total signal in the data) in MCR models obtained for the thermal
denaturations of BSA and HSA. The models were obtained for the full temperature range.

Component

% Fit (HH)

% Fit (HV)

% Fit (VH)

% Fit (VV)

HSA

BSA

HSA

BSA

HSA

BSA

HSA

BSA

1. h-Tyr

15.25

8.02

9.74

1.72

15.89

8.68

12.27

9.70

2. s-Tyr

33.18

12.10

26.42

7.44

33.72

12.07

22.21

28.99

43.91

10.76

43.93

16.01

42.63

10.95

45.84

9.04

-

67.60

-

71.03

-

66.82

-

47.15

7.55

1.48

19.64

3.71

7.62

1.49

19.31

5.03

3. Trp213/214
4. Trp-134
5. RTP

Chemometric analysis was performed using an unfolded array along the first
mode. Unfolding the dataset over the second mode does not affect the overall results.
NPFPCA was used to determine the number of individual fluorophores contributing to
the overall BSA emission. A total of 5 principal components were found, one more than
in the case of HSA, which results from the second Trp residue in BSA. Together, these
components account for over 99% of the data variance (Table 26 and Figure 78).
The components account for the groups of Tyr in hydrophobic (h-Tyr) and solvent
exposed domains (s-Tyr), Trp-213 (which is equivalent to Trp-214 in HSA), Trp-134 and
RTP. The components extracted from BSA emission showed excitation/emission profiles
and band positions similar to what was obtained for HSA (Figure 79).
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Figure 78: Variance captured by each BSA and HSA component in the MCR models
obtained for polarized TSFS (HH and HV) datasets of specific temperature domains.

Figure 79: Normalized excitation (a) and emission (b) profiles of MCR components
extracted from the BSA 1 mg mL–1 in PBS thermal unfolding dataset (full line), overlaid
with the emission profiles of HSA components (dashed line). Models were generated for
the full temperature range datasets.
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The component representing Trp-134 was shifted towards longer wavelengths
(λem = 371 nm) compared to Trp-213 (λem = 349 nm) due to greater solvent exposure,
being situated at the protein surface186. Trp-134 emission dominated BSA emission,
accounting for over 65% of the variance captured by the full range thermal unfolding HH,
HV and VH models, and slightly less than 50% for the VV model. This was expected, as
BSA emission is approximately 2.5 times more intense than HSA due to Trp-134.
However, the recovered emission of the Trp-213 component of BSA did not extend as
much towards longer wavelengths as it did in the case of HSA.
The h-Tyr component of BSA was very similar to HSA, namely the Tyr residues
located in the hydrophobic domains. The spectral profiles were identical (Figure 80), but
the contribution was much lower (Table 26). This was because the second Trp in BSA
(Trp-134) is located in domain I, close to the Tyr residues and within the Förster radius,
and thus significant FRET occurred, quenching h-Tyr emission. Thus, while the h-Tyr
component of HSA arises mostly from Tyr residues in domains I and III, the h-Tyr
component of BSA is more dominated by emission from Tyr residues in domain III.
This was validated by the plots generated in Figure 73 (normalized BSA emission
– normalized HSA emission) which showed a clear difference between the contributions
of Tyr residues to the overall emission of BSA compared to HSA. Also, the position and
shape of the blue/negative region in the plots from Figure 73 match the reconstructed
h-Tyr components of HSA and BSA. All this information provided further proof regarding
the recovery of Tyr emission from the overall emission of serum albumins, and regarding
the assignment of extracted components to specific group of tyrosines in the protein.
The RTP component of BSA was shifted towards longer wavelengths compared
to HSA. This was due to the greater solvent exposure of Trp-134 in BSA.
The phosphorescence lifetimes of BSA and HSA were measured, BSA having longer
lifetimes (1.2 ms vs 0.9 ms, see section 9.9 of Appendices). While MCR resolved the
fluorescence emissions of the two Trp residues in BSA, it resolved only one RTP
component (as was the case for HSA). This was possibly a consequence of the fact that
the RTP emission was of very low intensity compared to other components (approx. 30
times lower) and the emission band was significantly wider compared to other
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components, thus causing a severe overlapping between the two RTP emissions which
could not be resolved by the MCR algorithm.

Figure 80: Normalized emission profiles of components extracted from MCR models of
native (10–30 °C), intermediate (50–60 °C) and unfolded/denatured (65–80 °C) BSA raw
polarized datasets.

Table 27: Variation in emission maximum of BSA components extracted from MCR models
of different BSA states.

Component

Emission maximum (nm)
native state intermediate state denatured state

1. h-Tyr

322

324

322

2. s-Tyr

334

338

338

3. Trp-213

345

348

347

4. Trp-134

361

371

365

5. RTP

444

448

464
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MCR modelling of data over the entire temperature range generated components
with emission profiles that were invariant and thus did not provide information on the
band shifts caused by changes in fluorophore environment. In order to better assess the
spectral shifts of each component, three MCR sub-models were generated using smaller
datasets composed of TSFS spectra for the 10–30 °C, 50–60 °C and 65–80 °C range,
which we tentatively assigned to the native, intermediate and denatured/unfolded states
of BSA, respectively. By comparing the emission profiles from the three MCR models, a
clear red shift for the Trp-134 and RTP components in the intermediate and unfolded
states can be observed (Figure 80, Table 27). For the h-Tyr, s-Tyr and Trp-213
components, the spectral shifts were less than 4 nm and could be attributed either to small
environment changes or measurement/MCR recovery accuracy.
The change in h-Tyr is small, with a red shift of approximately 2 nm in the
intermediate and unfolded states compared to the unfolded state. This small shift might
be attributed to a solvent exposure of hydrophobic tyrosines due to a loss of turn structure,
but with no significant stressing of the α-helix strands. This is expected due to the
relatively greater thermal stability of domain III.292 By comparing the emission profiles
(Figure 80) of the h-Tyr component at different BSA states, it can be seen that the
intermediate and unfolded states emission profiles were more similar to each other
compared to the native state. This might suggest a very similar environment for the h-Tyr
in the intermediate and unfolded states. One possible explanation is the lost in turn
structure followed by a repacking of α-helix strands. This could account for both the small
change in fluorophore solvent exposure and the significant increase in anisotropy for the
h-Tyr component (Figure 83).
For the s-Tyr component, the main change occurred during the native-intermediate
transition, with almost identical emission profiles in the intermediate and unfolded states.
This suggests that the main changes in fluorophore environment occurred around 55 °C,
where the hearth-shaped molecule elongates due to loss in structure of subdomain IIB
which connects the two halves of the protein. The group of Tyr in subdomain IIB did not
experience further changes in local environment as the temperature increased.
The Trp-213 component showed a similar behavior, where the main changes in
fluorophore environment occurred in the transition from the native to the intermediate
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state, with little change in solvent exposure as the temperature further increased.
The behavior of Trp-134 is more complex, with a red shift of 10 nm in the intermediate
state followed by a 6 nm blue shift in the denatured state. This led to the conclusion that
domain I experienced more structural changes with the rise in temperature compared to
the other two protein domains.300 The RTP component showed little change in emission
from the native to the intermediate state. However, the transition between the intermediate
and the denatured state causes a red shift of approximately 20 nm. RTP provides
information on conformational fluctuations caused by changes in local flexibility. Loss in
flexibility increases phosphorescence lifetime and leads to emission at longer
wavelengths.301 The 20 nm shift is representative of the formation of new structures in the
denatured state with greater rigidity compared to the native α-helix strands.184

6.2.3 Tracking of unfolding pathway by recovered components
There are a number of ways to represent the fluorescence intensity changes
associated with each component. Each component was reconstructed by multiplying the
column and row vectors representing the excitation and emission profiles recovered by
the MCR model. The resulting matrices represent the TSFS spectra of pure components.
In Figure 81 (left column) we plotted the maximum intensity and in Figure 81 (right
column) we plotted the total integrated polarized emission of reconstructed components
for each polarization setting. There is a significant greater difference between the Trp-134
component and the other fluorescence components when the total integrated emission is
taken into account (as compared to just the intensity at maximum emission) due to the
broadness of Trp-134 emission profiles.
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Figure 81: Intensity at λmax of polarized emission (left column) and total integrated
polarized emission (right column) of recomposed MCR components from BSA 1 mg mL–1
in PBS thermal unfolding raw TSFS dataset.
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Figure 82: Normalized total integrated polarized emission of recomposed MCR
components from BSA 1 mg mL–1 in PBS thermal unfolding raw TSFS dataset.

Up to 55 °C, the relative slow rate of decrease in emission intensity corresponds
to loss in turn structures connecting α-helix strands. This is followed by further loss in
helicity with formation of new structures, possibly β-sheet structures and/or nucleation
centers for β-aggregation.184 The intensity of the fluorescence components (Figure 82)
showed a sinusoidal-like decrease which is characteristic for a multi-step unfolding
process. The intensity for each of these components slowly decreased up to 45 °C,
followed by a steep drop from 45–65 °C, after which the decrease continued at a slow
rate. The behavior of the RTP component was clearly distinct from the other components,
with a linear decrease from 20 to 60 °C and very little change in intensity above 60 °C.
The h-Tyr component representative of domain III tyrosines showed the slowest
rate of decrease. This was a consequence of two factors. First, the greater stability177 of
domain III limits the solvent exposure of Tyr residues and thus the de-excitation by
collisional quenching with solvent molecules. This can also be observed from the very
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small change in the position of the h-Tyr emission maximum during the unfolding process
(Figure 80). Second, unfolding and elongation of the protein due to disruption of domain
II reduces the efficiency of FRET between domain III tyrosines and Trp-134. The scores
of s-Tyr component representing domain IIB tyrosines decreases at a much faster rate due
to greater solvent exposure up to 55°C.
The Trp-134 total integrated emission decreased at a faster rate compared to
Trp-213 due to a series factors that come into play here. The solvent exposure of Trp-213
lead to an increase in Trp quantum yield94 causing an apparent slower thermal quenching
rate compared to Trp-134. The effect of the previously mentioned decrease in FRET
between h-Tyr and Trp-134 can be observed in the Trp-134 scores. The ratio between
Trp-134 and Trp-213 total integrated area decreases from approximately 3.7 to 2.1. Above
60 °C, the formation of new structures in domain I reduced the solvent exposure of Trp134, as seen in the emission profiles of Figure 80. Although Trp-134 would be subjected
to a lower quantum yield upon refolding of domain I, the rate of decrease in intensity was
slower above 60 °C as the decrease in h-Tyr – Trp-134 FRET efficiency would have
reached a minimum.
The rate of decrease for the RTP component in BSA was similar to that of HSA
up to 55 °C, after which a different trend was noticed where the BSA RTP component
decreases at slower rate (Figure 82) compared to the HSA component (Figure 56). The
longer Trp-134 fluorescence lifetime185 that favors intersystem crossing from the singlet
to the triplet state could have contributed to the slower rate of decrease for BSA RTP
emission.
Anisotropy plots were generated for each recomposed MCR model component
(Figure 83). The changes in aniso-TSFS patterns of BSA and HSA followed different
pathways above 50 °C, as seen from the similarity index (Figure 77b). While the
anisotropy of each BSA component decreased up to 50 °C, in a similar manner as seen in
the case of HSA (Figure 66), the subsequent increase in anisotropy values at higher
temperature was noticeably higher.
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Figure 83: Plot of a) anisotropy and b) normalized anisotropy change with temperature for
each component extracted from the BSA thermal unfolding MCR model.

The h-Tyr component showed slightly higher anisotropy values18 for BSA
compared to HSA. For BSA, these values were higher due to FRET between h-Tyr and
Trp-134. The FRET efficiency depends not only on the distance, but also on the
orientation of dipoles.302 The depletion of h-Tyr emission was selective and led to greater
anisotropy values for the h-Tyr component. The depletion of depolarized Tyr emission
was followed by an increase in emission over the HV and VH polarization settings for
Trp-134. This in turn led to lower anisotropy for Trp-134. Combined with the longer
fluorescent lifetime, the Trp-134 showed the lowest anisotropy values out of all
components.
The greatest increase in anisotropy was observed for the h-Tyr component.
In BSA, the h-Tyr component was attributed mainly to the Tyr residues in domain III, the
more stable domain with respect to thermal unfolding.177 This was also supported by the
minimum change in the position of the emission maximum of this component, as seen in
its emission profiles (Figure 80). This led to a possible conclusion that the increase in
anisotropy at higher temperature was not due to the formation of new structures, but the
repacking of the existing α-helix strands into more rigid arrangements.
Overall, the BSA components showed a greater increase in anisotropy above
55 °C compared to HSA. The h-Tyr and Trp-213 (and to a lesser extent the s-Tyr)
components of BSA showed greater anisotropy values at 70 °C compared to the native-

18

Approximately 10% higher.
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state values at 10 °C, while this was not the case of HSA. The HSA components showed
higher anisotropy values only upon cooling. This could be caused by the lower thermal
stability of BSA, as reported by previous studies200, 201, that would determine a higher
tendency for the formation of new structures, as this process occurs in parallel with the
loss in helicity.184

6.3 Validation of MCR spectral deconvolution
PLS_Toolbox4.0® was the curve resolution MatLab toolbox employed for MCR
analysis. The MCR application available through PLS_Toolbox4.0® makes use of an
iterative least-squares algorithm to extract pairs of pure concentration and spectral
profiles. These pairs are refined through a number of optimization cycles. A series of
MCR models were obtained using the complete BSA thermal unfolding dataset with
different numbers of iterations in order to determine the effect of the number of iterations
on the recovered profiles. The emission profiles of fluorescence components obtained
from MCR models with 100, 200 and 300 iterations showed no change in band position,
while the phosphorescence component showed negligible variation (Figure 84a). The total
integrated emissions of recomposed MCR components showed little variation when
different numbers of iterations were used, with RSD values less than 1% in most cases
(Figure 85). The maximum number of iterations for all other MCR models shown
throughout this research was set to 100.
MCR analysis was also ran on a normalized BSA thermal unfolding dataset where
the maximum intensity of each spectrum was set to 1. The fluorescence components were
basically identical. The main difference appeared between the emission profiles of the
RTP components (Figure 84b), as the RTP component in the normalized dataset was
clearly red shifted. As previously seen (Figure 80), the RTP component was red shifted at
higher temperatures with lower intensity compared to the native state. However, in the
normalized dataset, the spectra at high temperatures have a greater weight on the shape
and position of emission profiles as the differences in emission intensity across the
temperature range are canceled through normalization.
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Figure 84: Overlaid normalized emission profiles of components obtained from a) MCR
models of BSA thermal unfolding at different iterations, and b) MCR models of BSA and
normalized BSA thermal unfolding datasets (maximum intensity of all normalized TSFS
spectra set to 1).

To validate the spectral deconvolution results, a different MatLab interface for
MCR was used. The MCR-ALS interface is free to download and was described in detail
by Jaumot et al.303. Overlaying the emission profiles obtained using the two toolboxes
(Figure 86) showed little to no change in the position of the emission maximum, but did
show less intense shoulders for the s-Tyr and RTP components when the MCR-ALS
algorithm was used.
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Figure 85: a-e) Total integrated HH polarized emission of recomposed MCR components
from BSA 1 mg mL–1 in PBS thermal unfolding datasets obtained with different numbers
of MCR iterations (100, 200 and 300). f) RSD (%) of total integrated emission values
obtained for each MCR components with different MCR iterations.
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Figure 86: Overlaid normalized emission profiles of MCR model components extracted
using PLS_Toolbox (solid line) and MCR-ALS toolbox (dash line) from BSA datasets
containing spectra for the: a) entire thermal unfolding range, b) native state 10–30 °C
range, c) intermediate state 50–60 °C, and d) denatured state 65–80 °C.

MCR-BANDS161 was then used to determine the extent of rotational ambiguities
associated with the solutions obtained by PLS_Toobox. For each of the five components,
the output of MCR-BANDS are two profiles pairs: CminSminT and CmaxSmaxT. These min
and max pairs are representative of the range of signal contribution of each component to
the overall total emission. The MCR-BANDS emission profiles from Figure 87 represent
the average of the two min and max profile pairs. The emission of each MCR-BANDS
component (Figure 88) represents the average emission of components recomposed from
the CminSminT and CmaxSmaxT pairs.
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Figure 87: Overlaid normalized emission profiles of MCR model components extracted
using PLS_Toolbox (solid line) and emission profiles optimized with MCR-BANDS (dash
line) from raw polarized TSFS datasets containing spectra for the: a) native (10–30 °C),
b) intermediate (50–60 °C), and c) denatured (65–80 °C) BSA states.
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Figure 88: Comparison between the maximum emission intensity of the MCR components
extracted using PLS_Toolbox (solid line) and MCR-BANDS (dash line) from the native
state (10–30 °C) BSA raw polarized TSFS datasets.

Overall, there was a good correlation between the components recovered by
PLS_Toolbox and the components recovered by MCR-PLS and MCR-BANDS in terms
of emission profiles and emission intensity. The shoulders present in the emission profiles
obtained using PLS_Toolbox were also observed when using the other toolboxes,
however some significant variation. This might be due to the fact that, for example, in the
case of MCR-ALS the iteration procedure is stopped when convergence is achieved, while
with PLS_Toolbox the procedure is stopped when the selected number of iterations is
achieved.
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6.4 Conclusions
In this chapter, the ARMES method7 was used for the analysis of BSA structural
changes and to assess the differences in unfolding pathways between BSA and HSA, two
structurally very similar proteins8. Although the differences between human and bovine
albumins have been addressed through a multitude of methods185, 200, 201, 204, 299, ARMES
provides a new way of looking at differences/similarities between proteins regarding
unfolding/refolding pathways. For BSA and HSA, the main differences in emission were
caused by different numbers of fluorophores. BSA has one extra Trp in its structure
compared to HSA185, which determined a greater contribution of Trp to the overall
emission, but also less contribution from Tyr residues due to FRET.
The aniso-TSFS spectra of BSA showed anisotropy patterns that were different
from those of HSA, and these patterns varied differently with temperature, suggesting that
BSA did not follow the same unfolding/refolding pathway as HSA, which was expected
due to the different thermal stabilities of the two albumins201, 299. We concluded that
overall, more new β-structures in BSA were formed at temperatures above 60°C,
compared to HSA. However, the variation in average anisotropy values was similar for
the two albumins. Therefore, by looking at the variations in anisotropy patterns and
anisotropy of MCR extracted components, we obtained additional information on the
unfolding process.
The chemometric analysis of BSA thermal unfolding datasets yielded one extra
component, corresponding to the second Trp in its structure. MCR deconvolution was
performed using PLS_Toolbox (as in chapter 6). MCR-ALS303 and MCR-BANDS161
toolboxes were also used in order to further validate the chemometric analysis. Similar
results were obtained in terms of emission profiles and scores of components using the
three toolboxes.
In the following chapter, the ARMES method was used to track subtle changes
that occur during different thermal stressing processes.
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7. Tracking of subtle protein structural changes by
ARMES
7.1 Introduction
Proteins can undergo a plethora of structural changes. While some stress factors
can induce drastic changes to the protein structure, with transitions from native to
completely unfolded states, other stress factors generate more subtle changes (i.e. freezing
and storing) and the effects are often overlooked. In some industrial bioprocesses,
recombinant proteins might require the help of folding modulators (i.e. chaperone
proteins) in order to reach the desired active conformation, as the protein structure can be
altered during the processes undertaken to recover/extract the protein product from
inclusion bodies/cells.304, 305
Overall, these structural changes need to be quantified and monitored, and there is
an ever-increasing demand of analytical techniques that can be used for tracking
deviations from the desired protein conformation.

7.2 Thermal refolding study
Protein refolding processes can either lead to the reformation of the native
structure (reversible unfolding), or to new structures.8 Refolding to new structures can
have major consequences on a protein’s biological activity.305,

306

For this study, we

looked at the different structures that form during BSA refolding from its intermediate
form.
Aniso-TSFS plots were generated for BSA samples heated up to 60, 70 and 80 °C,
and allowed to cool overnight (Figure 89). Heating of BSA samples results in loss of turn
structures and α-helix strands, and gives rise to new structures that become more
prominent upon cooling.197, 292, 307 The similarity index between the aniso-TSFS spectra
of fresh BSA samples and refolded samples is shown in Figure 90. The different
anisotropy patterns obtained indicate that the structure of BSA was different upon cooling.
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The changes in anisotropy patterns were significantly more drastic upon cooling from 80
°C than from 60 °C. This was expected, as with greater thermal stressing, more new
structures will form. According to previous studies, it is expected that cooling from 60 °C
leads mostly to repacking of α-helix structures due to a loss in turn structures, while
cooling from 80 °C leads to refolding of α-helix strands into β-structures.184 The formation
of new structures is accompanied by a greater increase in anisotropy than repacking of
existing α-structures197, a process that was observed in this study (Figure 92c,d).

Figure 89: Aniso-TSFS contour plots of BSA 1 mg mL–1 in PBS at different thermal
conditions: a) no thermal treatment (Ref), b) heated to 60 °C and allowed to cool overnight
to room temperature (r.t.), c) heated to 70 °C and cooled to r.t., and d) heated to 80 °C and
cooled to r.t. The aniso-TSFS plots represent the average of three measurements.
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Figure 90: Similarity between aniso-TSFS matrices (λex = 288–312 nm, Δλ = 20–100 nm) of
fresh BSA stock solution at 25°C (set as Reference) and BSA samples heated to 60–80 °C
and cooled overnight to room temperature.

ARMES analysis was ran in order to better understand of the refolding process.
The band positions (Figure 91), emissions (Figure 92a,b) and anisotropies (Figure 92c,d)
of BSA components upon cooling from temperatures above 60 °C did not return to their
original values, indicating that thermal unfolding was irreversible201, and further
supported the conclusion that the refolding process leads to new structures184, 298.

Figure 91: Normalized emission profiles of MCR components recovered from the refolded
BSA (samples cooled from 70 and 80 °C, solid line) and native BSA (10–30 °C, dashed line)
raw TSFS datasets.

Page 183 of 232

7. Tracking of subtle protein structural changes by ARMES

MCR showed (Figure 91) that the structure of BSA is different when refolded
from 60, 70 and 80 °C. The emission profiles of Trp-134 and RTP components resolved
from the refolded BSA dataset (cooled from 70 and 80 °C) were blue shifted compared to
the emission profiles resolved from the native BSA (10–30 °C). The changes in emission
profiles for the other components (h-Tyr, s-Tyr and Trp-213) were small.

Figure 92: a) HH polarized total integrated emission, b) normalized emission,
c) anisotropy, and d) normalized anisotropy of MCR components resolved from BSA
thermal refolding raw TSFS dataset.

Following the trend seen in Figure 80, the Trp-134 emission was red shifted by
10 nm in the intermediate state (50–60 °C) compared to the native state due to protein
unfolding. However, the subsequent blue shift at higher temperatures (60–80 °C) was
characteristic of a refolding process (discussed in section 6.2). These newly formed
structures at higher temperatures became more pronounced upon cooling.186,

307

The

emission of Trp-134 was shifted towards shorter wavelengths in the refolded state
compared to the native state (Figure 91). This suggested that upon cooling, refolding of
Page 184 of 232

7. Tracking of subtle protein structural changes by ARMES

domain I occurred in such a way that the Trp-134 initially located at the protein surface
was reoriented towards a hydrophobic core.
The emission intensities of fluorescence components were lower after
cooling/refolding than in the native state (Figure 92a-b). The emission of Trp-134 showed
more variation in terms of intensity (Figure 92a) compared to other components, which
indicates that Trp-134 undergoes the largest change in local environment during refolding.
This behavior of Trp-134 emission intensity, in correlation with the significant blue shift
of Trp-134 emission profiles, suggests that domain I undergoes greater change in its
structure upon refolding than the other BSA domains.
The increase in RTP component emission also provides information on the
relocation of Trp-134 into a more rigid and hydrophobic structure, as the phosphorescence
emission is a direct indicator of environment flexibility.301 The formation of new, more
rigid, β-sheets is a process that occurs in parallel with loss of helicity184, 298. The overall
greater increase in anisotropy upon cooling from 80°C (compared to 60 and 70°C) is a
direct consequence of this, as more unfolded α-helix strands become available for
refolding. The loss in helicity is gradual, with less than 10% loss up to 65°C, but with a
subsequent dramatic increase as more than 50% helicity is lost at 80°C.184
The increase in anisotropy was greater for Trp-134 compared to Trp-213. This was
caused by a combination of factors. First, a greater degree of thermal unfolding for
domain I creates a more favorable scenario for β-nucleation than subdomain IIA. Second,
the relocation of Trp-134 residue from the protein surface to a more hydrophobic/buried
environment would be accompanied by a significant shortening of its lifetime, thus
producing an apparent greater increase in its anisotropy.
The h-Tyr component experiences the greatest increase in anisotropy upon cooling
from 80 °C. However, the h-Tyr component showed the least amount of change in scores
with temperature (Figure 82, section 6.2) and is representative of a more thermally stable
domain. An explanation for this could be that domain III does not follow the “loss in
helicity – gain in β-structures” pathway of domain I, but rather it undergoes a
rearrangement of existing α-helix strands. Increasing temperature caused the exclusion of
water molecules from the domain III crevice followed by a collapse in α-helix strands to
form a more compact conglomerate. This is supported by a study from Murayama et al.184
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where the loss in hydrogen bonding between buried Tyr and solvent molecules was shown
by the frequency shift of the Tyr IR band to higher wavenumbers, while maintaining
constant peak intensity.
Overall, the ARMES method can be used for the fast assessment of the magnitude
of formation of new structures in the protein structure my means of tracking the changes
in the anisotropy patterns, and it can also be used to provide a deeper understanding of the
involvement of each subdomain in the refolding process.

7.3 Freeze thaw study
Therapeutic proteins are often stored at ultra-low temperatures to preserve their
structural and chemical integrity. For example, the production of recombinant therapeutic
proteins in bioreactors (upstream process) is followed by product purification
(downstream process). However, the purification process can be technologically complex
and is usually decoupled from the upstream process for operational logistics reasons.
These intermediate broths often undergo a freezing step and stored for a certain amount
of time prior to the purification process.9, 308
Freezing and storage is carried out at temperatures ranging from –20 to –80 °C
and there are a variety of techniques employed, including slow, fast and flash freezing.
Flash freezing refers to first dipping the product containers in liquid nitrogen or dry
ice/alcohol baths prior to storage, however this method is more costly and laborintensive.9 Although freezing is the preferred solution for storage and transport, it can
affect the physic-chemical and structural properties of proteins. The structural changes
that occur during freeze thawing cycles are subtle and can be challenging to detect. Cold
denaturations and ice-induced denaturations have been observed for many proteins.309, 310
For this study, we used the ARMES method to look at the structural changes that might
occur BSA samples during:
 flash freezing using liquid N2 followed by storing at –70 °C;
 storing at –70 °C without flash freezing;
 storing at –20 °C without flash freezing.
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The robust-PCA analysis of raw and normalized HH polarized datasets
(Figure 93a-d) revealed that the samples are somewhat discriminated and are distinct due
to small significant differences in the spectra. The negative scores of flash frozen samples
on PC1 compared to the positive scores of the other frozen samples suggest that structural
stressing caused by flash freezing followed a different pathway compared to slow
freezing. However, robust-PCA analysis of the aniso-TSFS dataset (Figure 93b) did not
show any clear grouping of samples, as all of them appear to be randomly distributed
within the 95% confidence interval.

Figure 93: Robust-PCA analysis of a,c) raw HH; b,d) normalized HH; e) raw aniso-TSFS
and f) normalized aniso-TSFS datasets of BSA freeze thaw samples: (●) – fresh stock
solution samples (Ref), (□) – flash frozen samples (Ff –70 °C), (Δ) – samples stored directly
at –70 °C, and (◊) – samples stored at –20 °C.
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Figure 94: Aniso-TSFS contour plots of BSA 1 mg mL–1 in PBS, stored under different
conditions: a) fresh solution (Ref), b) flash frozen in liquid N2 and stored at –70 °C,
c) stored directly at –70 °C, and d) stored at –20 °C. The aniso-TSFS plots represent the
average of 7 measurements.

Figure 95: Similarity between aniso-TSFS matrices (λex = 288–312 nm, Δλ = 20–100 nm) of
BSA fresh stock solution samples (set as reference matrix) and defrosted samples (each
point represents the average of 7 measurements).
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When the similarity indexes (Figure 95) between the aniso-TSFS spectra
(Figure 94) of fresh and thawed samples were calculated, the values showed a smaller
change in anisotropy patterns for the samples stored at –70 °C compared to the samples
stored at –20 °C. This showed that storing protein solutions at –70 °C helped to better
preserve the native structure of BSA compared to storing at –20 °C. However, the highest
similarity was found between the anisotropy patterns of native BSA and the slowly frozen
–70 °C samples. This implies that flash freezing contributes by a small amount to the
overall structural changes caused by storing at low temperatures. The main factors causing
the structural stressing of BSA under these conditions are considered to be the way in
which interstitial water solidifies and the interaction of BSA with the newly formed water
crystals.311

Figure 96: a) Total integrated and b) normalized emission intensity of MCR components
extracted from the BSA freeze thaw HH polarized raw dataset.

The emission intensities of recovered MCR components (Figure 96) showed that
domains I and IIB (represented by the Trp-134 and s-Tyr components, respectively), were
the least affected by freeze storing, with minimum changes in emission intensities for all
three freezing conditions. The least amount of change in components emission occured
for the samples stored directly at –70 °C. The components emission intensity plot also
highlighted the different stressing pathway, as flash freezing generated an increase in
components emission, while storing at –20 °C caused a decrease. The r-values of each
recovered component (Figure 97) showed the greatest variation for the h-Tyr component,
with an increase observed for all freezing conditions.
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By correlating the information provided by the emission intensities and
anisotropies of each component, we suggest that the extremely low temperatures of flash
freezing with liquid N2 mainly affects the structural integrity of BSA domain III. Flash
freezing causes the rapid dehydration of domain III which in turn contracts the α-helix
strands into a slightly more rigid assembly that inhibits solvent exposure to the buried Tyr
residues. The changes in emission and anisotropy of h-Tyr can be mainly attributed to
mobility and solvent exposure of fluorescent residues, with minimum contributions from
Tyr – Trp-134 FRET efficiency. The Trp-134 component indicates that little to no change
occurred in domain I. The s-Tyr component remained almost unchanged suggesting that
no variation occurred in the distance between domains I and III due by expansion or
contraction of the connecting domain II. Also, subdomain IIB does not contain any
cavities that could be affected by the trapped water molecules.183

Figure 97: a) Anisotropy and b) normalized anisotropy of MCR components extracted
from the BSA freeze thaw dataset.

On the other hand, slow freezing at significantly higher temperatures (–20 °C)
seemed to increase the solvent exposure of both domain III (h-Tyr) and subdomain IIA
(Trp-213) fluorophores. Two factors can be taken into consideration here. First, the
interstitial water is only partially solidified compared to solvent molecules, and can cause
protein swelling leading to more solvent exposed residues upon thawing. Second, the slow
cooling at –20 °C would determine the formation of ice crystals with larger surface area
that would have a greater strain on the BSA structure during absorption on the ice surface.
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The emission intensity plots (Figure 96) suggest that subdomain IIA was slightly more
affected by this process, compared to domain III. From the anisotropy plots (Figure 97),
it can be seen that after thawing from –20 °C, subdomain IIA showed the most lost in
rigidity, while domain III rearranged to become somewhat more rigid.
Overall, even though the variations in emission and anisotropy of BSA
components at different freezing conditions were small (and thus subjected to significant
error), a few conclusions can be extracted from the ARMES analysis. First, freeze thawing
can lead to small changes in BSA structure. Second, the changes were more pronounced
when BSA was stored at –20 °C compared to storing at much lower temperatures. Third,
flash freezing with liquid N2 induces structural changes that were of different nature
compared to relatively slower freezing at –70 and –20 °C.

7.4 Thermal cycling study
This study was performed in order to determine the reversibility of protein
transitions from native to extended/intermediate states. BSA solutions were subjected to
thermal cycling and aniso-TSFS plots were generated. The samples were heated up to
55 °C (Figure 98a), which represents the limit of the temperature range where the
unfolding process is considered to be reversible192. The similarity index was determined
between the aniso-TSFS plots of protein samples in the initial/native state (20 °C) and
protein samples at each point of the thermal cycling process (Figure 99b).
After the first thermal cycle, there was a significant difference in the anisotropy
pattern compared to the initial sample, however after each subsequent cycle, this
difference became smaller. The same behavior was observed for HSA samples
(Figure 99d), which were heated to a slightly lower temperature (50 °C instead of 55 °C).
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Figure 98: Variation of HH polarized maximum emission intensity of a) BSA and
b) HSA 1 mg mL–1 in PBS solutions undergoing thermal cycling.

Figure 99: Left: average anisotropy (λex = 288–312 nm, Δλ = 20–100 nm) of albumin
samples undergoing thermal cycling; Right: similarity index between fresh protein
solutions (set as reference) and samples that underwent thermal treatment. a-b: BSA and
c-d: HSA.
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Figure 100: Normalized MCR scores of components extracted from the BSA thermal
cycling raw TSFS datasets. a-b: HH, c-d: HV. e-f: VH and g-h: VV polarized datasets. Left
column: all values, and Right column: only values at 20 °C (after 20-55-20 °C cycle).
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The emissions of MCR components, although affected by significant error,
showed an overall trend of decreasing values with each thermal cycle (Figure 100). This,
in correlation with variations in anisotropies of each component (Figure 101), suggests
that the refolding process was not completely reversible and that BSA structure was
modified to some degree. This change became more pronounced with each cycle.
The greatest lost in native structure can be attributed to domain I, as the emission of Trp134 decreased at the fastest rate. The h-Tyr component showed the least amount of change
with each cycle. This was expected considering the different thermal stabilities of the
protein domains.177, 292
However, the drop in scores seemed to be in contradiction with the similarity of
the anisotropy patterns. One possible explanation that can reconcile these results is that
cooling after the first cycle led to the reversible refolding of most structures from the
extended state, but also led to the formation of some protein aggregates. These aggregates
could gradually be broken down with each following thermal cycles, thus accounting for
the variance in similarity between anisotropy patterns. A similar process was reported by
Sadavarte et al.312 where a 10 to 60 °C thermal cycling process was used for the
disaggregation of monoclonal antibody oligomers and the simultaneous refolding of
released monomers.

Figure 101: a) Normalized anisotropy, and b) normalized anisotropy at 20 °C only of MCR
components extracted from the BSA thermal unfolding dataset.

In conclusion, while the scores and anisotropies of each MCR component showed
that refolding from the protein extended state was not completely reversible, the changes
in anisotropy patterns suggest that the overall process refolding was more complex.
However, the errors in MCR data were too high for a proper understanding of the process.
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A new method, which was named ARMES (Anisotropy Resolved Multidimensional Emission Spectroscopy), was developed with applications in the quantitative
(Groza et al., 2014)6 and structural analysis (Groza et al., 2015)7 of proteins. ARMES
combined MDF spectroscopy, fluorescence anisotropy and chemometric data analysis to
provide a unique way of studying proteins.
BioPharma manufacturing is the main industrial sector towards which the
applications of ARMES are aimed. ARMES can represent a viable alternative to more
conventional protein assays methods (i.e. Bradford assay, ELISA, HPLC)1, 4 and it can be
used as a concentration assay for recombinant proteins in biogenic broths and protein
additives (i.e. albumins, insulins) in culture media, or for the study of structural changes
that occur in protein formulations.
MDF spectroscopy coupled with chemometric data analysis has become an
increasingly popular method for bioprocess monitoring due to the intrinsic fluorescence
of some culture media components.56, 57, 60, 61 However, the overlap between the emission
of Trp and Tyr containing proteins and the emission of free Trp/Tyr amino acids in media
make protein quantification difficult. To overcome this problem, we introduced
anisotropy into MDF measurements in order to isolate the high anisotropy protein signal
from the low anisotropy media background, without the need of any purification steps.
TSFS was the MDF method of choice due to shorter analysis time and removal of
Rayleigh scatter, as compared to EEM. Yeastolate spiked with BSA was used as a model
media. By applying a semi-log model, a good linear correlation (R2 > 0.99) between BSA
anisotropy and concentration was obtained over a concentration range of 0.1–4 mg mL–1,
the typical range found in BioPharma manufacturing. The method was compared to the
Bradford assay62,

63

, a colorimetric method typically used for protein quantification.

ARMES presented several advantages, including minimum sample handling, no need for
reagents and the possibility to further use the collected data to obtain protein structural
information.
Anisotropy-TSFS spectra of protein solutions showed a striped anisotropy pattern,
a feature that was unique for multi-fluorophore proteins. This was in contrast to the
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constant anisotropy across the entire emission space of Rhodamine B in 95% glycerol
single fluorophore solution (an anisotropy standard228 used for developing a protocol for
anisotropy-TSFS measurements).
To better understand the origins of these anisotropy patterns, a multivariate
analysis approach was undertaken. HSA was used as a model protein and subjected to
thermal and chemical unfolding. MCR resolved the emissions of Trp-214, group of
solvent exposed Tyr, group of Tyr in hydrophobic environment and RTP. Anisotropy was
then calculated for each one of these components. These components showed different
variations in terms of scores and anisotropy, which were then correlated to the behavior
of specific subdomains of HSA. In the case of thermal unfolding, we were able to observe
the transitions that occur in HSA subdomains and the preferential formation of new
structures at temperatures above 60 °C (i.e. formation of β-structures in subdomain IIB vs
no new structures in subdomain IIA). In order to validate the results obtained by MCR, a
series of pure Trp/Tyr solutions were measured and analyzed using the same protocol.
This study confirmed the ARMES results obtained for HSA in terms of resolution of Tyr
and Trp emissions.
The anisotropy patterns were not just a unique feature of multi-fluorophore
proteins, but also represented a specific “fingerprint” that could be used to differentiate
proteins, different states of the same protein and different unfolding pathways. Human
and bovine serum albumins, although having a high structural similarity (76% amino acids
sequence homology)176, showed differences in anisotropy patterns as seen through the
similarity index and some differences in thermal unfolding pathways. Also, BSA showed
almost identical average anisotropy values at 10 °C and 80 °C, but significantly different
anisotropy patterns which were characteristic of different structural arrangements.
ARMES analysis of BSA thermal and chemical unfolding yielded one extra
component that corresponded to the second Trp-134 in the BSA structure. Also, the
assignment of the other components was slightly different compared to HSA. The h-Tyr
component of BSA was representative to a different group of Tyr residues due to FRET
caused by the second Trp. However, a second RTP component for BSA could not
resolved, possibly due to the very low intensity of polarized phosphorescence and the
wide RTP emission profiles. Overall, in the case of BSA we observed a greater amount
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of new structures being formed at higher temperature, as seen for the approx. 10% higher
anisotropy values of BSA recovered components compared to HSA. This process was
expected due to the slightly lower thermal stability of BSA.200, 201
The ARMES method was then used to track BSA/HSA structural changes that
occur during freezing/thawing, refolding upon cooling from high temperatures and
thermal cycling. In the case of refolding upon cooling, greater amounts of new
β-structures were observed when cooling from 80 °C compared to 65 °C. In the case of
the freeze/thaw study, BSA was subjected to different storing conditions. It was noticed
that flash freezing with liquid N2 prior to storing at –70 °C induced a cold denaturation
process309, 310 of domain III which did not occur in the absence of liquid N2 (direct storing
at –70 and –20 °C). This process was observed in the PCA analysis, but its effects on the
BSA structure were better understood by ARMES analysis. While the thermal cycling
study highlighted an unfolding/refolding process occurring over multiple cycles, at the
same time it also showed the limitations of the ARMES method in terms of the structural
changes it can detect.
Following these results, the correlation of the anisotropy measurements with
lifetime measurements, which could give a better understanding of the factors that
contribute to the changes in emission and anisotropy of the MCR extracted components,
should be further addressed.
Overall, while numerous methods and approaches are available towards the study
of compositional1 and structural2 changes of protein formulations, ARMES is a novel
method with a unique approach towards looking at proteins that makes use of standard
fluorescence spectrometers, is fast, robust, requires minimum sample handling and can
provide important amounts of in-depth information.
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9.1 Sampling methods used for bioprocess monitoring
Most sampling techniques (Table A-1) involve the use of a porous membrane to
remove any cellular matter that may cause further compositional changes to the broth in
the time it takes to actually analyze the sample. One can also withdraw an aliquot without
any filtration, but in this case cellular activity will continue, so it must be stopped
immediately after sampling. This requires adding a compound that will inhibit metabolic
activity (i.e. chloramine solution 0.2 M).313
Table A-1: Advantages and disadvantages of different sampling techniques.30

Sampling

Advantages

Disadvantages

Ref.

Direct withdrawal

 ease of use;
 intracellular components can
be quantified;

 sample composition may
change in the time between

 no blocking caused by

314

sampling and analysis due to
presence of cells.

biomass;
 reduced risk of contamination.

filtration

In-situ

 longer sampling time;
 does not affect media

 issues with filter membranes;

315

 increases cell concentration in

composition.

dialysis
filtration
dialysis

In-situ

 filters can be replaced;

Ex-situ

 does not affect bioreactor

Ex-situ

bioreactor.

composition.

 more complicated technique

316

compared to filtration.
 higher contamination risk;

317,

 higher flow rate.

 validation issues.

318

 higher contamination risk.

319

 membranes can be replaced;
 makes use of higher dialysis
areas.
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Sampling techniques involving membranes can be divided into two categories:
filtration and dialysis. Dialysis involves a concentration gradient that acts as the sole
driving force through the membrane, and molecules will diffuse from the sample phase to
a second phase. For filtration, a force is applied to the sample to push the analytes through
the membrane. Microfiltration uses membranes with pore sizes of 0.1–1 µm and ultrafiltration uses membranes with pores of 1–100 nm. While the first will remove only
cellular components, the latter will also remove some macromolecular compounds.313
Both have several disadvantages: filtration requires frequent replacement of filters, while
dialysis requires calibration. Other examples of sampling techniques are microcentrifugation and pervaporation, but these are less common.30

9.2 Noise perturbation in functional principal component analysis
(NPFPCA)
Functional principal component analysis (FPCA) is a method that finds an
alternative set of eigenvectors based on smoothness. It is very similar to PCA, the main
difference being that FPCA introduces a roughness penalty. FPCA finds a set of vector pif
that maximizes the following criterion:

F(pfi )

T

=

pfi XT Xpfi

Eq. 46

T

pfi (I+αDT D)rfi

where pif represents the ith smooth eigenvector, D is a second difference operator of size
(m-2)×m, and α is a penalty parameter that sets the trade-off between roughness and
fidelity of measured data.
Noise is a major obstacle in performing spectral decomposition because it
introduces artefacts and may cause peaks to enhance or attenuate, especially when dealing
with a low SNR signal as was the case for polarized fluorescence spectroscopy in this
research. Therefore it becomes difficult to estimate the correct number of principal
components when one cannot properly distinguish noise from signal. NPFPCA
systematically adds small amounts of synthetic noise in such a way as to change the
structure of the original noise without significantly altering the original data. The added
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noise will contribute very little to the eigenvectors representing signals, but will
drastically change the eigenvectors representing noise.154, 226

9.3 Parallel factor analysis (PARAFAC)
Resolution of three-way datasets can be performed with chemometric methods
that give solutions subject to rotational ambiguities due to models lacking in trilinear
structure (i.e. MCR-ALS) and with chemometric methods that assume trilinear structure
and give unique solutions (i.e. PARAFAC).320 PARAFAC is one of the most used
methods for the analysis of three-way data. The model obtained through the PARAFAC
analysis of a dataset X of dimensions I × J × K (sample × λem × λex) can be written as:

xijk = ∑Ff=1 aif bjf ckf + eijk

Eq. 47

where xijk is the intensity of the ith sample at the jth (emission mode) and kth (excitation
mode) variables. aif, bjk and ckf are the elements of matrices A (I × F), B (J × F) and
C (K × F) which represent the output of PARAFAC analysis and correspond to the profiles
of F components across the sample, emission and excitation modes, respectively. eijk are
the elements of E (I × J × K) which contains the unexplained variance of dataset X.277, 321

9.4 Rhodamine B anisotropy
The emission and absorption profiles of RhB showed a small shoulder that
corresponds to the RhB dimer. The ratio between VV and VH polarized excitation spectra
remained constant in the spectral regions corresponding to the monomer and dimer
(figure A-1). It was also observed that anisotropy remains constant across the entire
emission space (chapter 3).
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Figure A-1: VV and VH excitation spectra of RhB 1µM in 95% glycerol, overlaid with the
ratio between the two spectra.

At higher glycerol concentrations, there was be less depolarized emission from
RhB (VH and HV) compared to lower glycerol concentrations (table A-2). This led to
relatively more error in RhB anisotropy values as the %glycerol increases.

Table A-2: Variation of RhB 1μM fluorescence emission intensity with glycerol content in
glycerol:ethanol solutions.

Polarization

Maximum emission intensity (a.u.)
0% glycerol

40% glycerol

90% glycerol

VV

302

314

331

VH

145

96

63
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9.5 Polarized TSFS spectra of PBS buffer
The aniso-TSFS plots of yeastolate samples showed an unusual anisotropy artefact
(chapter 4). Polarized TSFS spectra were collected for pure PBS buffer. The Raman band
can be clearly seen in the TSFS spectra and it matches the spectral position of the
anisotropy artefact. Thus, it was determined that the Raman band was the source of the
anisotropy artefact, and not a chemical specie in yeastolate.

Figure A-2: TSFS spectra of PBS buffer at 20 ºC: a) HH, b) VV, c) VH, d) HV polarized.

9.6 Accuracy of HSA aniso-TSFS measurements
In chapter 5, aniso-TSFS plots were generated for HSA 1 mg mL–1 in PBS samples
at temperatures ranging from 10 to 70 °C. All measurements were performed in triplicate.
To assess the accuracy of these measurements, RSD-TSFS plots (Figure A-3) were also
generated using MatLab. In these plots, each data point represents the RSD (%) of
r-values at each spectral point. The RSD is low (<5%) across most of the emission space.
Slightly higher RSD values can be observed in spectral regions of low emission, however
this is expected, as in these regions the SNR is lower.
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Figure A-3: RSD (%) of each data point in the aniso-TSFS plots of HSA 1 mg mL-1 in PBS
thermal unfolding (section 5.2): a) 10 °C, b) 20 °C, c) 30 °C, d) 60 °C, e) 70 °C, and f) after
overnight cooling from 70 to 20 °C. All samples were analyzed in triplicate. The color bar
on the right represents RSD (%).

9.7 MCR/PARAFAC spectral deconvolution of Tyr and Trp mixtures
Figure A-4 shows the overlaid emission profiles of Tyr, Trp and RTP resolved
from polarized TSFS datasets obtained for mixtures of N-a-Tyr and N-a-Trp. While the
emission profiles of the Tyr component were almost identical in both MCR and
PARAFAC models, more variation was observed in the case of Trp and RTP components.
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Figure A-4: Normalized MCR emission profiles (full line) of components extracted from
Tyr:Trp raw TSFS dataset overlaid with normalized PARAFAC emission profiles
extracted from of the same dataset (non-negativity constraints were applied on both
models).

9.8 Effect of microfiltration on BSA solutions
Two stock solutions of BSA 1 mg mL–1 in PBS buffer were prepared. One solution
was membrane filtered (0.22μm), while the other was used as is. The aniso-TSFS plots of
the two BSA solutions (Figure A-5), collected in triplicate, showed virtually no difference
in anisotropy values or similarity between anisotropy patterns, having a very low
similarity index of 0.075. This suggests that the unfiltered BSA solution did not contain
large protein aggregates or other such impurities.
The two BSA solutions were also analyzed in triplicate using the Bradford assay
and the absorbance of the colored complex was recorded at 595nm. The unfiltered solution
had an absorbance of 0.6047 ±0.0026 (RSD = 0.43%), while the filtered solution had an
absorbance of 0.6038 ±0.0056 (RSD = 0.93%). This further strengthens the conclusion
that no protein content is being retained by the filter membrane.
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Figure A-5: Aniso-TSFS plots of BSA 1 mg mL–1 in PBS solutions before and after
membrane filtration.

9.9 RTP lifetime measurements
Lifetime measurements were performed on 2 mg mL–1 solutions of HSA and BSA
in PBS. Figure A-6 shows the decay profiles of RTP for HSA and BSA. The first and
second derivatives of the spectra were taken in order to extract the RTP lifetimes for HSA
and BSA. This was done automatically using the spectrometer software.

Figure A-6: a) HSA and b) BSA RTP decays over different polarization settings.

The average lifetime (τ) of HSA phosphorescence varied between 0.92–0.95 ms,
depending on the polarization setting, while the BSA phosphorescence lifetime was
longer at 1.26–1.30 ms. These lifetimes are in the milliseconds domain, which is to be
expected for tryptophan phosphorescence.322 The average lifetimes of RTP for HSA and
BSA showed little variation over different polarization settings (tables A-3 and A-4), the
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main difference being the amplitude of the signal for polarized and non-polarized
measurements. A bi-exponential model for the RTP decays proved to be inconsistent, with
significant variations of τ1 and τ2 values over different polarization settings for both
albumins.
The phosphorescence decays of HSA (Figure A-6a) showed a similar rate to that
obtained by Gabellieri et al.323. The average RTP lifetime obtained for HSA at 25°C was
shorter than the value reported by Sagoo et al. (0.93 ms compared to 1.2 ms)265, but longer
than the average lifetime reported by Kowalska-Baron et al. (0.58 ms)196. BSA showed
longer phosphorescence lifetimes due to the second Trp residue in its structure compared
to just one Trp in HSA. This was reported by Wei et al. (5.0 ±0.2 ms for BSA and
4.0 ±0.1 ms for HSA)194, however these lifetimes were significantly longer. This
significant variation in the results reported by various authors may be a consequence of
different levels of deoxygenation/heavy atom effect in the protein samples.
Table A-3: RTP lifetimes measured for HSA 2 mg mL–1 in PBS at 25 °C over different
polarization settings. Lifetime values represent the average of four measurements.

Single exponential

Biexponential decay

decay

Polarization
τ (ms)

A

τ1 (ms)

A1

τ2 (ms)

A2

0.945 ±

1.999 ±

0.315 ±

0.882 ±

1.156 ±

1.495 ±

0.007

0.051

0.118

0.173

0.057

0.137

0.929 ±

2.360 ±

0.271 ±

1.255 ±

1.162 ±

1.740 ±

0.013

0.049

0.128

0.280

0.079

0.243

0.917 ±

1.607 ±

0.361 ±

0.863 ±

1.223 ±

1.036 ±

0.033

0.071

0.006

0.145

0.015

0.008

0.952 ±

1.819 ±

0.121 ±

1.639 ±

1.085 ±

1.560 ±

0.004

0.022

0.142

0.834

0.047

0.117

0.923 ±

2.098 ±

0.222 ±

0.939 ±

1.111 ±

1.649 ±

0.027

0.052

0.037

0.203

0.044

0.115

non-

0.929 ±

24.781 ±

0.245 ±

8.851 ±

1.083 ±

20.226 ±

polarized

0.006

0.428

0.039

0.605

0.027

0.467

HH

HV

VH

VV

magic angle
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Table A-4: RTP lifetimes measured for BSA 2 mg mL–1 in PBS at 25 °C over different
polarization settings. Lifetime values represent the average of four measurements.

Single exponential

Biexponential decay

decay

Polarization
τ (ms)

A

τ1 (ms)

A1

τ2 (ms)

A2

1.268 ±

4.293 ±

0.600 ±

2.133 ±

1.743 ±

2.598 ±

0.005

0.040

0.037

0.052

0.027

0.114

1.276 ±

4.962 ±

0.591 ±

2.548 ±

1.782 ±

2.947 ±

0.019

0.097

0.124

0.412

0.111

0.465

1.265 ±

3.415 ±

0.544 ±

1.663 ±

1.723 ±

2.160 ±

0.011

0.059

0.048

0.071

0.047

0.117

1.291 ±

3.914 ±

0.625 ±

1.905 ±

1.819 ±

2.346 ±

0.022

0.081

0.111

0.278

0.160

0.310

1.279 ±

4.253 ±

0.537 ±

1.938 ±

1.694 ±

2.809 ±

0.022

0.067

0.080

0.162

0.081

0.226

non-

1.309 ±

53.673 ±

0.729 ±

30.211 ±

1.905 ±

27.828 ±

polarized

0.057

0.579

0.025

1.350

0.057

1.578

HH

HV

VH

VV

magic angle
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9.10 Effect of solvent polarity on Tyr quantum yield
To determine the effect of solvent polarity on Tyr emission, a series of N-acetylTyr solutions in solvents of various polarities were prepared (Figure A-7). Overall, the
greatest emission was observed in PBS buffer, for both polarized and non-polarized
measurements.

Figure A-7: Non-polarized TSFS (left column), VV polarized TSFS (middle column) and
VH polarized TSFS (right column) spectra of 10–3 M N-acetyl-Tyr solutions at room
temperature in 90:10 (vol.) PBS:EtOH (first row), 100% EtOH (middle row) and 90:10
(vol.) cyclohexane:EtOH (bottom row).
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