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PREFACE 
 

 

"Don't worry about a thing, 
'Cause every little thing gonna be alright. 

Singing' "Don't worry about a thing, 
'Cause every little thing gonna be alright!" 

 
Rise up this mornin', 

Smiled with the risin' sun, 
Three little birds 

Pitch by my doorstep 
Singin' sweet songs 

Of melodies pure and true, 
Saying', ("This is my message to you") 

 
"Don't worry about a thing, 

'Cause every little thing gonna be alright. 
Singing' "Don't worry about a thing, 

'Cause every little thing gonna be alright!" 
 

Three little birds 
Bob Marley 
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ABSTRACT 
 

Proteins are being used as therapeutic active components by the pharmaceutical industry. 

However, protein drugs may suffer physical and chemical degradation as results of protein 

purification and formulation. The physical stability of proteins in solution may be affected by 

the interaction of proteins with surrounding molecules at the bulk phase (i.e. protein-protein, 

protein-water, protein-excipients), as well as protein adsorption to interfaces (i.e. solid-liquid, 

liquid-liquid and air-liquid). The objective of this thesis was to study the physical stability of 

proteins, at the bulk solution and oil-water interface, using bovine serum albumin (BSA). In 

particular, two hypotheses were stated, defining the specific objectives of the study: 1) 

spectroscopy and multivariate analysis (MVA) could be used to develop methods of protein 

characterization and quantification, able to detect small amount of unfolded proteins in the 

bulk solution, and 2) the adsorption of native protein to liquid-liquid interfaces is affected by 

the presence of unfolded proteins and excipients in the bulk solution.  

 

BSA was dissolved in distilled water to prepare native BSA solutions at 1% w/w and 5% 

w/w. Samples were heated at 90°C for 30 minutes to prepare heat-denatured BSA solutions. 

Binary mixtures of native and heat-denatured BSA were prepared over the range of 100% to 

50% w/w native BSA. These solutions were analysed using spectroscopy and 

chromatography methods. FTIR and fluorescence spectra were modified using diverse pre-

processing methods like the second derivative (2ndD), area normalization (AN), baseline 

correction (BC), multiplicative scatter correction (MCS) and standard normal variate (SNV). 

These pre-processing techniques were used to investigate which of those techniques (or 

combination of techniques) help to visualise changes in the secondary and tertiary structure 

of proteins, as consequence of protein heat-denaturation. Additionally, these pre-processing 

methods were also used to study their capacity to reduce the spectral noise and increase the 

linearity between the spectral signal and protein concentration. These pre-processed spectra 

were then used to build partial least-square (PLS) regression models.  
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FTIR and fluorescence pre-processed spectra were used to quantify native protein 

concentration in the binary mixtures using PLS regression models. The quality of the PLS 

models was assessed by comparing the number of PLS factors, correlation coefficient (R2), 

root mean square error of calibration (RMSEC) and root mean square error of prediction 

(RMSEP) in the calibration and prediction sets, respectively. In the case of FTIR 

spectroscopy, spectra were pre-processed using 2ndD, BC and AN which explained the model 

using three PLS factors; RMSE= 0.91% and 1.64% and R2= 0.997 and 0.991 for the 

calibration and prediction sets, respectively. In the case of fluorescence spectroscopy, the 

best PLS model was obtained for spectra pre-processed using AN and BC. This model used 

one PLS factor to explain the 99% of the spectra variability, RMSE% = 1.38% and 1.32% 

and R2 of 0.993 and 0.994 for the calibration and prediction, respectively.  

 

The physical stability of proteins is affected by its adsorption to interfaces. The adsorption of 

globular proteins like BSA to oil-water interfaces starts with protein diffusion from the bulk 

solution to the interface. If this interaction is favourable, proteins may undergo attachment, 

molecular relaxation and conformational rearrangement at the interface. At the equilibrium, 

the interface will be covered by a monolayer of proteins, which further evolves to a 

multilayer. Increases of G' and G'' moduli were observed from solutions of native BSA alone, 

as well as from solutions of heat-denatured BSA (0.15 mM) (90°C for 30 min). The resulting 

maximum G' value was lower in the presence of heat-denatured protein than for the native 

protein alone. Addition of heat-denatured BSA (0.07 mM) to the native protein solutions 

decreased the maximum elastic modulus reached at equilibrium (G' 42 ± 6 mN/m) but giving 

similar G'' (9 ± 1 mN/m) compared to native BSA alone. The delay in the protein adsorption 

to interfaces was attributed to differences between native and heat-denatured BSA proteins 

like: surface activity, protein flexibility and protein conformation (globular vs. extended), 

which may affect protein diffusion and adsorption to the oil-water interface.  

 

The physical stability of proteins is also influenced by protein interaction with excipients 

presents in the bulk solution or at the interfaces. Excipients may prevent or increase protein 

adsorption to interfaces (i.e. NaCl, polymers: PBuA-PDMAEMA and PDMAEMA and 

phospholipids: DPPC, DSPG-Na and DSPC). NaCl at concentrations of 0.1 M and 0.5 M 
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increased BSA adsorption to the oil-water interface giving values of G' and G'' moduli of  35 

± 20 mN/m and 90  ± 2 mN/m (0.1 M) and 25 ± 6 mN/m and 10 ± 0.2 mN/m (0.5 M), 

respectively. Native BSA in the presence of NaCl (1 M) showed reduced protein adsorption 

to the oil-water interface giving a lower value of G' (10 ± 1 mN/m) and G'' (7 ± 0.5 mN/m) 

moduli than for native BSA alone (27 ± 2 mN/m) and 10 ± 1 mN/m, respectively. In the case 

of native BSA interacting with phospholipids at the interface, results show an initial increase 

in the G' and G'' moduli followed by a progressive decrease in G' and G'' moduli from 1 x10-2 

N/m to 1 x10-4 N/m, for the highest concentration of DPPC (1x10-3 % w/w). In the presence 

of polymers, the magnitude of G' and G'' moduli for native BSA alone (i.e. 27 ± 2 mN/m and 

10 ± 1 mN/m, respectively) was reduced to 8 ± 3 mN/m (G' modulus) and 4 ± 1 mN/m (G'' 

modulus) for native BSA in the presence of PDMAEMA (8.75x10-3 % w/v) and, 7 ± 10 

mN/m (G' modulus) and 3 ± 4 mN/m (G'' modulus) for native BSA in the presence of PBuA 

(8.75x10-3 % w/v). The decrease in the interfacial tension measurements (IFT) for native 

BSA in the presence of excipients was attributed to an increase in protein adsorption or 

excipient adsorption to interfaces, which was higher for native BSA in the presence of NaCl 

(0.5 M, 0.1 M and 1 M) than for BSA in the presence of phospholipids and polymers.  

 

In conclusion, FTIR and fluorescence pre-processed spectra in combination with PLS 

regressions gave a suitable method to characterize and quantify native protein content in the 

bulk solution. Interfacial measurements confirmed that the kinetic and mechanism of native 

protein adsorption to interfaces is affected by the presence of heat-denatured BSA in the bulk 

solution, as well as due to the presence of excipients in the bulk phase (i.e. NaCl and 

polymers), or at the oil phase (i.e. phospholipids).  
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line) vs. native BSA in the presence of phospholipids t= 2 h: DPPC 

1x10-3 % w/v (short dashed line), DSPC 1x10-2 % w/v (dotted line), 

DSPG-Na 5x10-3 % w/v (dashed line). Original spectra were pre-

processed using 2ndD, BC and AN…………………………………..  
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Figure 5.19 FTIR spectra showing the typical amide I band of native BSA (0.5  

 xxxi 



mM) after two hours of protein adsorption to the oil-water interface. 

Spectra correspond to BSA aliquots taken from the bulk solution of 

the rheometer (Delrin® trough). Native BSA alone t=0 (straight 

line) vs. native BSA in the presence of different water solubility: 

PDMAEMA at 8.75x10-3 % w/v (dotted line) and PBuA at 

8.75x10-3 % w/v (dashed line). Original spectra were pre-processed 

using 2nd D, BC and AN……………………………………………..   
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Chapter 1: Review of the Literature 

1.1. General background 
Protein drugs are an important class of therapeutic agents. In the last few years, the number of 

biopharmaceuticals has significantly increased to include classes of drugs such as therapeutic 

monoclonal antibodies and hormones as well as new vaccine antigens 1-6. For protein drugs, 

however, major obstacles still exist for delivery to the body due to their large molecular size, 

poor permeability through biological membranes, relatively labile amide backbone, and the 

need to maintain conformation stability (secondary, tertiary and sometimes quaternary 

structures) for their biological effect 7. For these reasons, products have typically been 

relatively simple solutions for parenteral administration by intravenous, intramuscular or 

subcutaneous routes 8-10. Hence, a goal of drug delivery research is to allow development of a 

greater range of dose-concentration effect for protein bioactives 11. To progress towards this 

goal understanding of interactions at the molecular level, which influence protein physical 

stability in dosage forms during processing, storage and use need to be explored. From new 

understanding, strategies or formulation excipients that maximize protein chemical and 

physical stability may be identified. This may provide the necessary platform on which 

rationale development of advanced dosage forms for protein drugs can occur.  

 

1.2. Proteins as drugs or therapeutics 
In recent years, the use of proteins as drugs have increased due to advances in the area of 

biotechnology and molecular biotechnology which have led to the discovery of functional 

proteins with therapeutic properties12. The European Union and FDA have approved more 

than 200 protein drugs from the 1980s to 2012 and this number is expected to continue 

growing 13-16. So far, protein drugs are mainly based on endogenous cytokines, protein 

hormones and antibodies 1 and these have been used to treat diseases like cancer, diabetes, 

hemophilia, rheumatoid arthritis, Crohn’s disease and hepatitis 13.  
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1.3. Proteins: definition and structure 
Proteins are polymers formed by the combination of up to 20 different amino acids. The 

individual amino acids can be classified as polar (hydrophilic), non-polar (hydrophobic) and 

charged (basic or acidic amino acids) (Table 1.1) 7,17. The overall protein 

hydrophilicity/hydrophobity has been estimated by Maldonado et al. (2010) from the sum of 

the individual amino acids 18. 

 

Table 1.1 Classification of amino acids based on their polar, non-polar and charged amino 
acids 7,17. 
 
Classification of amino acids Amino acids residue 

Polar serine, threonine, cysteine, tyrosine, asparagine and glutamine 
 

Non-polar glycine, alanine, valine, leucine, isoleucine, methionine, 
phenylalanine, tryptophan and proline 

 
Charged Acidic: aspartic acid and glutamic acid 

Basic: lysine, arginine and histidine 
 

 
The basic structure of proteins comprises on a main chain of repeating units (-N-Cα-(C=O)N-

CαHR-(C=O)-), a variable side chains (R: atoms attached to Cα) and free amino and carboxy 

termini at each end of the side chain (Figure 1.1) 19. The side chain group confers chemically 

and physically characteristics to each amino acid 17.  
 

Basic structure of proteins: NH2-CαHR-COOH 
    

Acid medium               Isoelectric point                   Basic medium 
 

+NH3-CαHRCOOH                 +NH3-CαHRCOO-                 NH2-CαHRCOO- 
 

Figure 1.1 General structure of proteins representing the ionized and unionized forms of 
amino acids. Proteins are overall neutral when the solution pH equals its 
isoelectric point 20.  

 

1.4. Description of protein structure organization 
The structure of proteins is organized into four levels: primary, secondary, tertiary and 

quaternary. The primary structure corresponds to the sequence of amino acids, obtained by 

the association between the amino terminus of one amino acid and the carboxyl terminus of 

the following amino acid by covalent bonds 7. The secondary structure corresponds to the 

folding of amino acid chains between the amide and carbonyl groups by hydrogen bonds. 
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Common secondary structures include α-helix, β-sheet, β-turns, 310 helix, π helix and parallel 

and anti-parallel β-sheets. The tertiary structure is formed by the overall folding of 

polypeptide chains through hydrophobic interactions between side chain groups of different 

amino acids as well as molecular interactions between the protein and its surrounding 

environment 17,21-23. In the presence of water, most of the non polar, hydrophobic groups 

orientate to the internal core of the protein while polar, hydrophilic groups remain on the 

outer surface in direct contact with the surrounding water 17,21-23. Hydrogen bonds, ionic 

bonds and disulfide bridges are other forces used by the protein to preserve its tertiary 

structure (Figure 1.2). The quaternary structure is the most complex level of protein 

organization and corresponds to the association between polypeptide chains to form dimers, 

trimers and/or higher order complexes 17,21,22.  
 

 
Figure 1.2 Schematic representation of forces involved in the tertiary structure of 

proteins. Hydrophobic interactions are the most common forces involved in 
folding of proteins 24. Disulfide bridge are the strongest forces involved in 
folding of proteins whereas hydrogen bond, hydrophobic and Van der Waals 
interactions and ionic bonds form weak interactions with the side chain of 
proteins 17. 

 

1.5. Protein conformation and its relevance in biological systems  
Proteins in their native conformation represent the naturally occurring form under specific 

physical and chemical conditions. In this native conformation, globular proteins adopt an 

approximately spherical and compacted orientation which maintains its secondary, tertiary 

and quaternary structure unaltered 24 . In contrast with globular proteins, extended and non-

globular proteins are long structures composed mainly of α-helix structures which do not 

form highly complex molecules (i.e. tertiary and quaternary structures). Moreover, the native 

CH2S 
 

CH2S 
 
 

CH2OH 
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bridge 

 

CH2COOH  

Hydrogen bond 
 

Polypeptide chain 
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    CH (CH3)2 

 

       CH (CH3)2 

Hydrophobic and 
Van der Waals 

interactions 

CH2CH2NH3
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non-globular proteins do not have the typical hydrophobic core presents in globular proteins 

and can be found in fibrous proteins like collagens and keratins 25-28.  
 

The native conformation of proteins can be altered during production into a 

biopharmaceutical product. Appearance of denatured or aggregated proteins is associated 

with immunogenicity of protein therapeutics 29-31. As an example, insulin may produce 

insoluble particles (aggregated) over time which are recognized by the immune system 29 and 

the use of immune globulin and human growth hormone have produced antibody mediated 

adverse events 30. Depending on the processing conditions and intensity of the denaturation 

stress, changes to protein conformation may be reversible or irreversible 24,32. The possible 

relationships between unfolded, partially unfolded or aggregated proteins are summarized in 

Figure 1.3 22,33. In a totally denatured state, proteins lose their secondary, tertiary and 

quaternary structures and only the polypeptide chain remains intact 24,32. The loss of those 

protein structures is different for each kind of protein (i.e. globular and non-globular proteins) 

and may depend on protein chemical and physical resistance to environmental conditions like 

pressure, temperature and pH 34. The formation of aggregates can start in just one molecule of 

protein due to intramolecular process (e.g. β-elimination for interleulin-1 receptor) or involve 

many protein molecules at the same time due to intermolecular process (e.g. thioldisulfide 

interchange for BSA) 24. The transition from native to aggregated protein depends on the 

thermodynamic stability of the native protein. In the case of protein solutions, the native 

structure is thermodynamically stabilized by covalent and non-covalent forces (i.e 

hydrophobic interactions, hydrogen bonding, van der Waals and electrostatic interactions) 
21,35-37. In contrast with native protein, unfolded and aggregated proteins may have a reduced 

therapeutic activity and in some cases, aggregates may produce a toxic protein structure 
22,24,38,39. As a consequence of that, controlling the folding of proteins and preventing its 

aggregation during production is a crucial challenge for formulation scientists.  
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Figure 1.3 Schematic representation of protein physical degradation from native and 

globular protein structure to partially unfolded, unfolded and aggregated 
proteins modified from (Murphy and Tsai, 2006) 22,40. Partially folded 
intermediates may convert to amorphous and fibrillar aggregates 41. (* denotes 
an irreversible protein degradation).  

 

1.6. Pharmaceutical formulation of proteins and their stability   
Protein drugs can be prepared as liquid formulations or freeze dried solid products. Liquid 

formulations (i.e. solution, suspension or emulsion) are less stable than freeze dried solids but 

the application, processing and manipulation of liquid protein drugs formulation is simpler 

than for freeze dried solids 10,24,42. It has been reported that the structure of proteins may 

suffer physical degradation as consequence of freeze drying process when molecules of water 

are removed from the core of protein. Then, freeze dried protein products need to be 

reconstituted in solvent/water before administration and the protein may not return to their 

original native conformation 23. Studies have demonstrated this using FTIR studies 43. 

Moreover, protein stability may be affected by processing 42 where the most crucial steps 

appear to be protein purification and formulation. In protein purification, protein solutions are 

tested to contain 5% or less of contaminants like proteases whereas in formulation, solubility, 

pI, and the study of mechanisms that promote aggregation are investigated. During 

formulation, solvent, pH, excipients and storage conditions are defined 22,24. Additionally, the 

stability of protein in solution may be also influenced by the interaction of protein molecules 

with surrounding molecules dissolved at the bulk phase (i.e. protein-protein, protein-water, 

amorphous 
aggregate* 

Native  
protein partially  

unfolded  
unfolded 

polypeptide 

misfolded 
prefibril 

fibrillar 
aggregate* 

partially 
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protein-excipients) as well as protein adsorption to interfaces (i.e. liquid-liquid, air-liquid and 

solid-liquid).  

 

1.6.1. Protein stability in bulk solution phases 
Protein drugs dissolved in the bulk solution are susceptible to both, chemical and physical 

degradation 35,42,44. An interaction between physical and chemical degradation has been 

reported for solutions heated above the protein melting temperature (Tm) where the increase 

in temperature may produce unfolding proteins (i.e. physical degradation) and induce protein 

oxidation and deamidation (i.e. chemical degradation) 32.  

 

1.6.1.1. Protein chemical stability 
Chemical degradation results in covalent modifications in the structure of protein due to 

reactions such as deamidation, hydrolysis, succinimidation and oxidation which can produce 

a change in the protein primary structure. These changes may results in forms with a greater 

risk of aggregation which may reduce protein biological activity 24,35,39,42. Covalent bonds 

may produce soluble or insoluble aggregated proteins by two mechanisms which are the 

formation of new crosslink proteins or modification of the common pathway of protein 

aggregation.  

 

Multiple chemical reactions may occur simultaneously which makes it difficult to study each 

degradation pathway independently 24. Additionally, the protein chemical degradation 

pathway will depend on formulation factors like water content, presence of excipients, 

characteristics of the reconstituted solution (pH and temperature) and distribution of labile 

amino acids 24. One method to avoid protein chemical degradation is to inhibit the principal 

reaction. This could be achieved by controlling the pH of the solution to avoid modifications 

in the protein charge and the distribution of the charge in the protein structure 39. As an 

example, basic fibroblast growth factor (bFGF) is reported to degrade by a cleavage reaction 

at the Asp-Pro sequence in acid conditions and by deamidation at the Asn-Pro sequence at 

neutral conditions 24. Another method to avoid protein chemical degradation is to modify the 

amino acids of the native proteins 24,42. As an example, glycosylated Interferon-β-1a (INF- β-

1a) was a more stable protein molecule without affecting its biological activity than the 

deglycosylated form of INF- β-1a 24. Diverse analytical techniques are available to 

investigate degradation products (e.g. size-exclusion chromatography (SEC), polyacrylamide 
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gel electrophoresis (PAGE), reverse phase chromatography (RP-HPLC) and mass 

spectroscopy (MS)). However, the combination of analytical techniques like RP-HPLC and 

MS or capillary electrophoresis and MS are used to separate and identify aggregates where 

MS may give information about molecular weight and sites of reaction 24,39.  As an example, 

RP-HPLC and MS has been used to detect hydrolyzed bFGF protein 24. 

 

1.6.1.2. Protein physical stability 
Physical degradation of proteins is often the result of changes in the environmental conditions 

(e.g. temperature, pH, pressure and presence of excipients). Evidence of physical degradation 

of proteins is the presence of partially unfolded, unfolded and aggregated proteins (Figure 

1.3) 39. Aggregated proteins have different sizes and shapes and can be classified as soluble 

or insoluble, reversible or irreversible and covalent or non-covalent. The shape and size of 

aggregates may be affected by the amino acid sequence, distribution of hydrophobic groups, 

sample preparation method, temperature, pH and protein concentration 39. The size of protein 

aggregates changes from submicron to visible particles on aggregation. As an example, 

thermally denatured BSA has been shown to form aggregates of 6.3 nm in radius 39,45 

whereas amyloidogenic lysozyme formed fibers of 8–10 nm of diameter 39,46. Commonly, the 

secondary structure of proteins aggregates is composed of a high proportion of β-sheet 

structure as has been reported for insulin 39,47, lysozyme 39,46 and BSA 35,48. The presence of 

aggregates in protein solution could be controlled by knowing the causes of protein 

degradation for each formulation as well as having diverse analytical techniques to 

characterize them 39. Table 1.2 shown a list of analytical techniques used to investigate 

protein conformation and aggregation. Commonly, a combination of analytical techniques is 

needed to confirm the structure of proteins 49. As an example, secondary structure elements of 

human calcitonin were investigated using the combination of FTIR and circular dichroism 

(CD) spectroscopy. In that study, FTIR spectroscopy was used to investigate the presence of 

β-sheet whereas CD spectroscopy detected the presence of α-helix structure in fibrillated 

human calcitonin 50. In this thesis, physical stability of proteins is studied using FTIR and 

fluorescence spectroscopy and SEC methods. The theory and biological applications of these 

techniques will be presented in the next paragraphs. 
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Table 1.2 Analytical techniques used to investigate protein conformation and aggregation 7,23,24,39,51-53  

Principle Technique name Provided information 

Separation 
methods 

Size exclusion 
chromatography  

Provide information about size of proteins and detect indirectly insoluble 
aggregates. Quantification of proteins. 

 Reverse phase 
chromatography  

Detect and quantify isoforms of aggregated proteins  

 Capillary 
electrophoresis  

Characterization of protein structure and detect protein aggregates.  
Separate ionic species by charge and size.  

 Analytical 
ultracentrifugation  

Provide information about size (i.e. molecular weight and size 
distribution) and shape of aggregated and unfolded proteins  

Spectroscopic 
methods 

Circular dichroism  Characterization of protein structure. Far UV: secondary structure and 
near UV: tertiary structure and ligand binding.  

 Fourier transform 
infrared 

spectroscopy  

Characterization of protein secondary structure in any physical state and 
complex systems, protein identification by comparison with database. 

 Raman 
spectroscopy 

Detect secondary structure, protein identification by comparison with 
database. 

 Intrinsic 
fluorescence 

Characterization of protein structure (shape, size, state of folding or 
ligand binding) and dynamic properties (protein flexibility).  

 Extrinsic 
fluorescence 

Detect conformational changes with limited capacity to identify 
aggregates. 

 Nuclear magnetic 
resonance 

spectroscopy 

Characterization of tertiary structure of proteins in solution by atomic 
resolution. Study protein-ligand interactions atom by atom.   

 Mass spectroscopy Detailed structural information about protein structure (primary, 
secondary, tertiary and quaternary structure), protein complexes and their 
interaction with enzymes, substrates and ligands.  

 X-ray spectroscopy Characterization of tertiary structure of proteins.  
Identification of atomic composition. 

 Ultraviolet 
absorption 

spectroscopy 

Study protein conformation and stability. Give information of tertiary 
structure. Turbidity assays and enzymatic activity studies.  

Light 
scattering 
methods 

Dynamic light 
scattering  

Detect monomeric protein, protein monomer in the presence of oligomers 
(i.e. dimmers and trimers) and proteins monomer with aggregates. 

Microscopic 
methods 

Atomic force 
microscopy 

Investigate function and dynamic properties of proteins in their 
physiological environment. Provide information about forces involved in 
folded/unfolded structure.  

 Electron 
microscopy  

Detailed information on surface morphology.  

Calorimetric 
techniques 

Differential 
scanning 

calorimetry  

Characterization of proteins and their interaction with other 
macromolecules measuring the energy of those reactions.  
Investigate thermal stability of proteins i.e. unfolded and aggregated 
proteins (heat capacity as function of temperature). 

 Isothermal titration 
calorimetry  

Characterization of proteins and their interaction with other 
macromolecules by measuring the energy of those reactions. Provide 
thermodynamic information of binding reactions (heat effect of binding 
as function of composition). 

Other X-Ray 
crystallography 

Study tertiary structure by atomic resolution. 

 Surface plasmon 
resonance 

Provide information on kinetics and binding affinities of proteins.  
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1.6.2. Protein stability: analytical techniques 

1.6.2.1. FTIR spectroscopy: theory  
In infrared spectroscopy, a source of light (beam or energy) is passed through the sample 

exciting the electrons within an atom which results in vibrational and rotational movements 

of atoms producing energy. The adsorbed energy is detected by the spectrophotometer giving 

a characteristic spectrum for a molecule where each bond type corresponds with a specific 

signal (i.e. intensity and position) 54,55. Infrared radiation is divided in three regions near-IR 

(10000-4000 cm-1), mid-IR (4000-400 cm-1) and far-IR (400-100 cm-1) 56. In the near-IR 

region, C-H, N-H and O-H stretching are observed. In general, the analysis of bands in this 

region is complicated because bands are significantly overlapped giving weaker signals than 

in the mid-IR region 57,58. The mid-IR region is divided in four regions: the stretching region 

(4000-2500 cm-1), the triple bond region (2500-2000 cm-1), the double bond region (2000-

1500 cm-1) and the fingerprint region (1500-600 cm--1) 58. Functional groups appear in the 

fingerprint region where small molecular modifications can be detected 59. In the far-IR 

region vibrations produced by heavy atoms, molecular skeleton vibrations, molecular torsions 

and crystal lattice vibrations are seen 58. In the case of protein analysis, protein secondary 

structure has been investigated using absorbance in the mid-IR region (4000-400 cm-1) where 

nine amide bands can be identified and these are shown in Table 1.3 60,61. 

 

FTIR spectroscopy has been available for more than 50 years over which time diverse 

biological materials have been analyzed including proteins, biomembranes, nucleic acids and 

animal tissues 60,62-64.  FTIR spectroscopy is widely used to investigate protein physical 

stability because FTIR allows the analysis of samples in diverse physical states such as 

solids, liquids, pastes, films and powders. Samples in any of these states can be studied by 

FTIR spectroscopy since different methods and accessories are currently available which are 

suited to different sample states. As an example, attenuated total reflectance spectroscopy 

(ATR) is useful for the analysis of solid and hydrated samples using different accessories like 

germanium (Ge), zinc selenide (ZnSe) or diamond crystals and diffuse reflectance 

spectroscopy (DRIFT) is useful for the analysis of powders 60. In this thesis, protein physical 

stability in aqueous solutions was investigated by transmission FTIR using CaF2 windows 

with a constant path length (Biocell®). In this method, the protein solution is placed between 

the two crystals and the IR beam passed through the samples by one point  (Figure 1.4). 

Used in this way, FTIR spectrosocopy is non-destructive 60, it can analyze proteins of 
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different hydrodynamic size and the spectrum is obtained in few minutes 65. However, FTIR 

spectroscopy has limited sensitivity which is the main disadvantage of this method for protein 

analysis as a solution concentration of 5 mg/mL is needed 60. 
 

Table 1.3 List of amide bands detected by FTIR spectroscopy with their corresponding 
wavenumber (cm-1), functional groups and type of vibration 54,60,65-67 

 
Amide Band 

 
Wavenumber  

(cm-1) 

 
Vibration 

 
Comments 

Amide A 3300 N-H stretching  
 

Amide B 3100 N-H stretching  
 

Amide I 1600-1700 
 

C=O stretching out  
of  phase 

C-N stretching 

Significant interference with water 
band (1700 - 1600 cm-1) and amino 
acid side chains (1800 - 1400 cm-1) 

 
Amide II 1500-1600 

 
N-H bending 

C-N stretching 
 
 
 

Amide III 1220-1330 
 

C-N stretching 
N-H in plane bending 

Weak C-C stretching and 
C=O in plane bending 

Very weak absorbance and 
overlapped with  C-H vibration of 

amino acid side chain 
 

Amide  IV 625-767 O-C-N bending  
 

Amide V 640-800 N-H bending   
out of plane 

 
 

Amide VI 537-606 C=O bending   
out of plane 

 
 

Amide VII 200 Skeletal torsion  
 

 

 

 In the analysis of protein structure the amide I band (1600 – 1700 cm-1) is the most relevant 

band because it contains information of secondary structures (i.e. α-helix, 310-helix, β-sheet, 

turn and random signals) (Table 1.4). Shift in the position of these secondary structures are 

attributed to  protein instability 54,68. The principal disadvantage of FTIR to investigate 

protein structure in solution is that the water absorption greatly overlaps the amide I band 65. 

Researchers have used water subtraction methods to deconvolute the protein spectrum 60,65. 

(Subtraction and pre-processing methods used in spectroscopy are described in Chapter 2). 
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Figure 1.4 (A) Schematic representation of FTIR spectroscopy. A liquid sample (i.e. 
protein solution) is located between the two CaF2 windows (BioCellTM, 
(Jupiter, Florida, USA)). The IR beam passes through the sample in one point 
giving a characteristic signal that is detected as spectrum 55. (B) The two CaF2 
windows are represented in further detail. Both windows are placed together 
(as indicated by the black arrow) and the liquid sample forms a film between 
these windows (0.1 µm path lengh), controlling the thickness of the sample. 

 

 

Table 1.4 Secondary structures present in the amide I band with their corresponding 
wavenumber (cm-1). Values in parenthesis represent the fluctuation in the position of each 
secondary structures detected by FTIR 54,56,65.   

 
Secondary structures amide I 

 
Wavenumber (cm-1) (range)* 

Α-helix 1654 (1648-1657) 
 

Intramolecular β-sheet 1633  and 1684 (1630-1640/1680-1690) 
 

Turn helix 1672 (1659-1666) 
 

Disordered 1654 (1640-1645) 
 

Intermolecular β-sheet 1610-1620 and 1680-1690** (1610-1625/1670-1695) 
 

*Values in parenthesis depends on solvent interactions 56  
**Narrowed bands represent aggregation of proteins in denatured state 65. 
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1.6.2.2. Fluorescence spectroscopy: theory 
In fluorescence spectroscopy, electrons within an atom are excited using light or radiation 

which transfers electrons from a basal to an excited energy state 69-71. Following this, excited 

electrons return to the basal state via two steps: firstly, electrons can release part of the 

adsorbed energy moving from the excited state to a lower level of energy and then, the 

remaining energy is released by electrons by mechanisms of competitive emission of a 

photon (fluorescence), radiation-less loss, phosphorescence, photo-oxidation or energy 

transfer 70-72. The fluorescence spectrophotometer detects the released energy from electrons 

returning from the excited state as transference of charge and reduction of fluorophore groups 
70. Molecules are fluorescence-active if they contain fluorophore groups which can absorb 

and emit fluorescence energy. Fluorophore groups produce fluorescence with specific 

intensity, wavelength and life time. Fluorescence can be divided in: intrinsic fluorescence 

where the fluorophore group is a small part of the molecule (i.e., aromatic amino acids like 

tryptophan (Trp), tyrosine (Tyr) and phenylalanine (Phe)) (Table 1.4)  8,70,72,73 and extrinsic 

fluorescence where the fluorophore groups are peptides and proteins linked to the molecule 
70. Fluorescence spectroscopy usually requires low concentration of proteins 32 (e.g. 20 

mg/mL of BSA in 10 mM of sodium phosphate buffer; pH 7.4 73 and 0.1 mg/mL of TP40 

(Cys-replaced  mutant of TGF-α-PE40); pH 7.2 24), it is not destructive, and the sample can 

be recovered after the measurement 72.  

 
 
Table 1.5 Amino acid residues that produce fluorescence classified according to the 
maximum emission at each excitation wavelength (nm) in aqueous solution pH 7 70.  
 

Amino acid 
residues 

Excitation (nm) in H2O(pH 7) Emission max (nm) in H2O (pH7) 
 

Trp 280 348 
 

Tyr 274 303 
 

Phe 257 282 
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The structure of proteins can be studied using intrinsic fluorescence spectroscopy since 

proteins can contain aromatic amino acids responsible for fluorescence emission: Trp, Tyr 

and Phe 69,74. The intensity and position of the maximum emission depends on how exposed 

the fluorescent amino acids are to an aqueous environment which is subsequently interpreted 

as depending on how the amino acid chains are folded in the tertiary structure 8,24,69,73,75. 

Excitation of a protein solution at 295 nm allows the study of principally the Trp residue 
24,69,75. The position of the maximum emission depends on the polar characteristics of the 

solvent 24, environment properties and changes associated with differences on dielectric 

constant (i.e. polarity) of the solvent. In protein solutions containing the three amino acids 

(Trp, Tyr and Phe), the maximum emission will be dominated by Trp. This is because Trp 

contains stronger fluorescence emission than Tyr and Phe and part of the energy released 

from Phe and Tyr is transferred to Trp 72. In denatured protein solutions, Trp is exposed to a 

less polar environment which can cause a blue shift of the Trp maximum emission and 

decrease in the intensity of the maximum emission 69. 

 

1.6.2.3. Size exclusion chromatography (SEC): theory 
Liquid chromatography has been widely used to separate, identify and purify molecules 

within a mixture. The equipment is composed on a solid stationary phase (separation 

column), a detector UV/Vis or photodiode array (PDA) and the liquid mobile phase 

containing the solvent and the sample. Currently, there is a variety of chromatography 

methods which are defined by the characteristics of the stationary phase like reverse phase 

chromatography (separation based on hydrophobicity), size exclusion chromatography 

(separation based on size), and hydrophobic interaction chromatography (separation based on 

charge). In the case of SEC, the stationary phase is a column packed with well defined porous 

particles. The specific pore dimension used to separate molecules based on their size, shape 

and molecular weight. SEC detects the presence of different sized components within a 

mixture processing this information into a chromatogram showing characteristic peaks 

attributed to the relation between the absorbance or intensity (Y-axis) and time (X-axis) 76.  

 

SEC is a useful analytical technique that gives qualitative and quantitative information about 

components within a mixture 77 i.e. folded and aggregated proteins within liquid protein 

formulations 78. In the case of protein analysis, SEC can be used to identify and separate 

proteins that have different hydrodynamic size (i.e. native and aggregated proteins) 77,78. 
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Molecules with large hydrodynamic size eluted faster from the column than molecules with 

smaller hydrodynamic size 76,79. Native BSA (globular conformation) has a smaller 

hydrodynamic size than the soluble aggregated proteins (extended conformations) 80 so that, 

aggregated protein is eluted earlier than native BSA 76. SEC can be quantitative since the size 

of the peak (typically area or height) is proportional to the concentration of the protein. So 

that, it is possible to build a calibration curve between concentration and peak area or peak 

height and then, linear regression is used to estimate the concentration of the unknown 

sample 77.  

 

1.7. Multivariate analysis (MVA) 
Spectroscopy data are commonly pre-processed by diverse algorithms to achieve a strong 

relationship between the used X-data (i.e. spectra) and the predicted Y-data (i.e. protein 

concentration) 66. Pre-processing methods use mathematical functions which are applied to 

the raw spectra before the development of statistical analysis to increase the quality of the 

information obtained for quantitative models 81. A proper choice of pre-processing methods is 

crucial to obtain an accurate prediction model. However, during pre-processing care must be 

taken to avoid an artificial correlation between variables of the data set (i.e. wavenumber and 

concentration) 66. Examples of mathematical functions commonly used for spectral data are: 

baseline correction (BC), area normalization (AN), derivatization (1stD or 2ndD), standard 

normal variate (SNV) and multiplicative scatter correction (MSC). All these mathematical 

functions and its application in protein analysis are used and will be explained in Chapter 2 of 

this thesis. 

 

In protein formulation, spectral data may contain complex information that corresponds to 

components within a mixture, intrinsic characteristics of each component and interactions 

within them 82. The analysis of those spectra could include the use of chemometrics, which is 

a discipline used to obtain information from chemical data using mathematics and statistics 
82. Spectral data could be analysed using univariate calibration which predicts a variable Y in 

function of a single variable X 82,83. To achieve an accurate relation between variables X and 

Y, two principles must be achieved: selectivity and linearity. Selectivity implies that variable 

Y is not influenced by another variable and linearity means that a linear relationship is 

obtained between variables X (i.e. absorbance at one wavenumber) and Y (i.e. concentration) 
83. Additionally, the analysis of protein spectra may be investigated using MVA which can 
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investigate several variables at the same time. This means that the whole spectrum could be 

used to predict the concentration of unknown samples. So that, MVA should give more 

accurate regression models than univariate calibration 84. MVA may predict concentration of 

unknown samples using regression models that relate multiple variables in the X-axis (i.e. 

spectra) with the Y-axis (i.e. sample concentration) 85,86. Regression models like partial least 

square (PLS)  is one of the most popular and well known methods used to characterize 

qualitative and quantitative information of protein structure 87,88. Other regression methods 

used in MVA are principal component analysis, factor analysis and singular value 

decomposition 60.  

 

In MVA, the spectra data set is arranged in a Table where every row represents the 

measurements of one sample and columns represent each variable 83 and the whole data set is 

divided in calibration and validation sets. A calibration set is composed of spectra (X) at 

different concentrations obtained from reference samples of known concentration. Then, a 

validation set is used to estimate how well the model can predict the concentration of 

unknown samples 84,86. Statistical analysis for spectroscopy studies using PLS regressions are 

presented in Chapter 3. 

 

1.8. Protein stability to possible role of protein adsorption to 

interfaces 
Protein physical stability may be affected by adsorption of protein molecules to interfaces 

(i.e. solid-liquid, liquid-liquid and air-liquid) 89,90. Protein molecules adsorb to solid-liquid 

interfaces: lysozyme 91 and BSA 92, liquid-liquid interfaces: BSA 93-95, insulin 93, β-casein, 

ovalbumin 95 and lysozyme 72,74,75, and air-liquid interfaces: soy protein isolate 96 and natural 

silk fibroin 97. Literature suggests that following adsorption at an oil-water interface the 

protein may adopt unfolded conformations, change the oil-water interfacial properties, and/or 

interact with the surrounding protein molecules to form a network 98. Since there is 

considerable opportunity for pharmaceutical proteins to encounter interfaces during 

production and storage conditions then it may be important to investigate this phenonmeon in 

greater detail 99. The study of protein adsorption to the oil-water interface is presented in 

Chapters 4 and 5 of this thesis. 
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1.8.1. Mechanism of protein adsorption to the oil-water interfaces 
The adsorption of proteins to interfaces involves different steps 100. Protein adsorption is 

reported to start with diffusion of protein molecules from the bulk solution to the interface 
90,92. If the interaction between protein and interface is favorable, globular and flexible 

protein molecules (i.e. human serum albumin (HSA), α-chymotrypsin 90, BSA 90,92,93, 

lysozyme 90,93,101 and β-casein 95,102) at the interface can undergo attachment, molecular 

relaxation and conformational rearrangement so that much of its structure aligns along the 

plane of the interface 90,92. This spread of protein molecules is affected by the space available 

in the interface and the speed at which protein molecules are adsorbed in the available space. 

At equilibrium, the interface will be covered by a mix of protein conformations 103 and it has 

been suggested that these finally evolve into a multilayer structure 98 (Figure 1.5).  

 

 
 
Figure 1.5 Scheme of protein adsorption to the oil-water interface. 1) Native protein 

dissolved in the water phase, 2) diffusion of native protein from the bulk 
solution to the oil-water interface, 3) adsorption of native protein (attachment) 
to the oil-water interface, 4) relaxation, spread and reorientation of 
hydrophobic groups of adsorbed protein to the oil-water interface, 5) 
monolayer formation and 6) multilayer formation.   
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1.8.2. Methods used to investigate adsorption of proteins at interfaces 
The adsorption of proteins to interfaces has been previously investigated for some systems 

using rheology and interfacial tension (IFT) measurements 93,102,104, reflectometry 105, total 

internal reflection fluorescence (TIRF) 78-80, surface plamon resonance (SPR) 106 and 

isothermal titration calorimetry (ITC) 107. In this thesis, protein adsorption to interfaces was 

investigated using a rheometer and a pendant drop tensiometer. The theory and biological 

application of rheometer and a pendant drop tensiometer will be introduced in the next 

paragraphs. 

 

1.8.2.1. Interfacial rheology:  theory 
Interfacial rheology can be studied using dilatational and shear rheology measurements 104,108. 

Dilatation rheology examines the viscoelastic properties of the interface and gives 

information about short-term stability of interfacial structures 108. This form of rheology uses 

a constant shape but variable interfacial area (i.e. expansion and compression) 82,84. In 

comparison, shear rheology investigates the strength of interfacial structures that result from 

intermolecular interactions at the interface. Shear rheology gives information about long-term 

stability and it is studied at constant area but variable shape 81,83,84. Shear rheology is more 

sensitive than dilatational rheology in detecting inter-molecular interactions between 

adjacently adsorbed molecules and can also be used to recognize the adsorption of small 

amount of excipients to the interface 108. As an example, oscillatory shear rheology was used 

to investigate lysozyme adsorption to the oil-water interface in the presence of excipients like 

sorbitan monooleate 80 (S80). Results showed tha the interfacial adsorption of lysozyme 

depend on the concentration of excipients showing a delay in its adsorption to the interface in 

the presence of increased concentrations of S80 101. 

 

Liquid-liquid interfaces are studied by shear rheology using an oscillatory accessory that 

applies torsional stress to the interface 109. Shear rheology measurements have been used to 

study the kinetic of protein adsorption to liquid-liquid interfaces over time where the 

formation of a gel or protein film at the interface (i.e. multilayer) 75,87 has been described for 

globular (e.g. BSA 93,95 and lysozyme 93,95,102) and flexible (e.g. β-casein 95,102) proteins. In 

this thesis, a rheometer with double-wall ring (DWR) geometry was used to investigate 

protein adsorption to interfaces giving information about time-sweep, frequency-sweep and 

strain amplitude-sweep steps which are explained in Chapter 4 section 4.2.3. 
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1.8.2.2. Pendant drop tensiometer: theory 
The pendant drop tensiometer has been widely used to investigate mechanical properties of 

materials adsorbed to gas-liquid and liquid-liquid interfaces 110. This method investigates the 

IFT of a drop in terms of pressure per unit of area 109,110 where the molecular interaction of a 

drop with its interface (i.e. liquid or gas) results in a decrease in the IFT values 111. This is 

explained due to changes in the shape of the drop as consequence of surface tension force 

(e.g. espheric form) and gravitational force (e.g. elongate form) 110. IFT measurements are 

mainly used to identify protein diffusion from bulk solution to interfaces 93,112 giving 

information about the initial stages of protein adsorption to interfaces prior to monolayer 

formation 95. Typically in surface tension experiments an initial rapid decrease in IFT occurs 

as the monolayer is formed. Following this the rate of decrease of IFT slows and a plateau 

may be reached when a multilayer structure is formed 101. IFT measurements have been used 

to investigate the kinetic of protein adsorption (i.e. lysozyme, insulin 93 and soy protein 

isolate 96) to the oil-water interface where a good correlation between IFT and rheology 

results have been reported for lysozyme and insulin 93. Pendant drop tensiometer is an easy to 

use method which utilize small amount of sample 110,113 however, its principal limitation is 

that both phases must have different density 110. IFT measurements are explained by Laplace-

Young equation which is shown in Chapter 4 section 4.2.4.  

 

1.9. Protein stability: Influence of excipients to modify protein 

adsorption to interfaces 
Excipients used in the preparation of biotherapeutics have received attention to increase the 

knowledge of how excipients affect protein stability and how these interactions may be useful 

for rational development of controlled release delivery systems for therapeutic proteins 114. 

Excipients are commonly used in protein drug formulations to stabilized liquid formulations 

and prevent degradation products of chemical instability. The effect of excipients in protein 

formulations is concentration dependent and protein dependent which can be classified in 

sugars and polyols, amino acids, amines, salts, polymers and surfactants 24,112. Excipients 

used to prevent protein adsorption must contain higher surface activity than proteins 114. The 

interaction of excipients with protein solutions is influenced by the presence of water 

molecules where a different interaction must be expected between excipients and dried 

proteins 112. Excipients interact with proteins using different mechanism which are 

summarized in Table 1.6. 
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Table 1.6 Classification of common excipients used in protein formulation 24,112,114,115  
Excipients 

 
Formulation effect and mechanism Examples Protein type 

used 
Surfactant Anti adsorption effect due to competitive 

adsorption. 
Polysorbate 20 
and 80 

 

Antioxidants Oxidation protection effect due to competitive 
adsorption. 

Acid ascorbic 
and vitamin E 

 

Sugar and 
polyols 

Stabiliser effect due to preferential exclusion. Glucose and  
A-lactoglobulin 

BSA and 
Ribonuclease-A 

Salt Stabiliser effect due to preferential binding and 
interaction with protein bound water. 
 
Control tonicity effect due to preferential 
binding. Reduce electrostatic interaction due to 
changes in the ionic strength of the solvent. 

Potassium 
phosphate and 
sodium sulphate 
NaCl 

Apoflavodoxin 
 
 
Lactoglobulin 

Amino acids Stabiliser effect due to preferential exclusion, 
preferential hydration and decrease protein-
protein interactions. 

Alanine and 
glycine 

BSA and 
lysozyme 

Polymers Stabiliser effect due to competitive adsorption, 
preferential exclusion, preferential hydration 
and steric exclusion. 

Cyclodextrin and 
PEG 

BSA and insulin 

Buffer salts and 
antiacids 

pH regulator effect. Phosphate and 
Mg(OH)2 

 

 

1.10. BSA: General properties 
BSA is a globular protein 116 of 66 KDa 117 which contains 582-585 amino acid residues and 

17 disulphide bonds 116 (Appendix A). The native structure of BSA is mainly composed of α-

helix structure (i.e. 55% to 65%) 73,118 and two Trp residues (i.e. Trp-134 and Trp-212) 73,90.  

It’s conformation has been investigated using a variety of analytical techniques like 

differential scanning calorimetry, FTIR, fluorescence and circular dichroism spectroscopy 
24,118. Reports have shown that BSA is denatured at temperatures lower than its melting 

temperature (Tm) (<56.8°C) forming partially unfolded structures whereas BSA may form 

hydrophobic aggregates due to irreversibly denaturation at temperatures higher than its Tm 24. 

Denatured BSA may lose its globular and compact native conformation forming an extended 

protein structure 48,65 with different properties than native BSA. Moreover, BSA contains 

60% of hydrophobic amino acids 93 which confer surface activity to BSA 116. BSA is 

classified as soft protein which means that BSA modifies its native and globular structure 

after adsorption to interfaces 92. Those characteristics made BSA an interesting protein to 

investigate an alternative method of protein quantification using MVA as well as to 

investigate the kinetic of protein adsorption to interfaces in the presence of heat-denatured 

BSA or excipients as shown in the following chapters. 
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1.11. Thesis aims 

This thesis addresses the following two hypotheses: 

1. Spectroscopy and MVA could be used to develop methods of protein characterization and 

quantification, able to detect small amount of unfolded proteins in the bulk solution.  

2. The adsorption of native protein to liquid-liquid interfaces is affected by the presence of 

unfolded proteins and excipients in the bulk solution.     

 

The specific aims of this thesis were: 

  

i)       To investigate a variety of pre-processing methods for FTIR and fluorescence spectra 

to identify changes in the secondary and tertiary structure of proteins as well as to 

develop a standard protocol of pre-processing methods to maximize the information 

obtained from those spectra about physical stability of protein structure in solution.  

ii)       To investigate the use of PLS regression in combination with FTIR and fluorescence 

spectroscopy as an alternative method to quantify the loss of native protein structure.  

a. To compare the native protein concentration predicted by PLS models with 

traditional methods of protein spectroscopy analysis like area overlap (FTIR), and 

the linear regression between fluorescence intensity at the maximum emission 

wavelength vs. concentration of native protein.  

b. To investigate how well PLS models can predict the loss of native protein in 

solutions heated at 40°C, 50°C and 60°C and compare these results with protein 

concentration obtained experimentally using SEC.  

iii)       To characterize the oil-water interfacial adsorption of native and thermally denatured 

protein, and to examine how introduction of a small amount of denatured protein in 

the bulk solution affects the adsorption of a native protein to the oil-water interface 

using a rheometer with a DWR attached and the pendant drop tensiometer.  

iv)       To use interfacial rheology and IFT measurements to detect changes in the kinetic 

and mechanism of surface adsorption of native protein to the oil-water interface in the 

presence of excipients (i.e. phospholipids, NaCl and polymers). Additionally, 

physical stability of protein in the presence of these excipients is confirmed by FTIR 

spectroscopy.   
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Chapter 2: Investigation of spectral pre-processing 
methods  

2.1. Introduction 
The spectral data obtained from FTIR, ATR, Raman fluorescence and Near-IR 119-122 

spectroscopy are pre-processed or transformed to reduce the noise 81,123-127, eliminate 

unwanted variables in the data (i.e. different magnitudes), increase the relationship between 

X- and Y-data 66 and decrease the effect of light scattering to improve the linearity between 

spectral signals and concentrations 128-130. Scattering is caused by the presence of insoluble 

particles, bubbles, cells and fibres in liquid samples 119,128-130. Rayleigh and Lorentz-Mie are 

two sources of scattering described by Rinnan et al. (2009). Rayleigh scattering is influenced 

by wavelength while Lorentz-Mie scattering is affected by particle shape 129. Particles with 

smaller diameter than the wavelength of the light are affected by the source of Rayleigh 

scattering whereas for particles with larger diameter the scattering effect is dominated by 

Lorentz-Mei 129.  

 

A diverse range of pre-processing methods is available which has been assessed in this 

Chapter to improve the quality of the spectral data 81,128. Before the application of pre-

processing techniques, the raw spectrum needs to be plotted to study the source of spectral 

noise. This step is relevant to discriminate if spectral variations are attributed to scattering 

effects or spectral noise as consequence of differences in the chemical composition of the 

sample (i.e. absorbance) 119. As an example, light scattering is often causing systematic 

variations in solid samples, which can be observed as shift in the baseline 129. Pre-processing 

techniques are classified as reference dependent and reference independent methods 130. 

Reference dependent methods require the use of a reference value (e.g. optimized scaling and 

net analyte pre-processing techniques) whereas reference independent methods do not depend 

on the use of a reference value (e.g. BC 131, AN 132, derivatives (1stD or 2ndD), SNV and MSC 
128,132,133) 130. Pre-processing methods are commonly performed on spectral data before the 

development of statistical analysis (e.g. MVA and classification model) 129 to obtain 

appropriate chemical information and increase the goodness of fit of the regression models 
57,81. Pre-processing methods can be performed in just one step (i.e. MSC and SNV) or using 

a stepwise approach where a corrected spectrum is obtained at each step and is then subjected 

to further step(s) (i.e. BC and AN) 134. The selection of one or more than one of these pre-

processing methods shown to improve the qualitative and quantitative information obtained 
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from predicted models 128. However, pre-processing methods must be used carefully to avoid 

artificial corrections between X- and Y-data 57,66. Rinnan et al. (2009) proposed that the 

criteria to select the best pre-processing method or combination of methods could be based on 

the most linear model obtained from regression analysis 129. Nevertheless, the corrected 

spectrum will be different depending on the pre-processing method that is being applied; so 

that the effect obtained using each pre-processing method must be well understood and 

carefully chosen to be able to make a proper interpretation of MVA results 135,136. 

 

A general description of each pre-processing method used in this thesis is introduced in the 

following paragraphs.  

2.1.1. Background subtraction of FTIR and fluorescence spectra 
Background subtraction was conducted by point to point subtraction between absorbance of 

the original protein spectrum and the solvent spectrum 58 for FTIR (1350 to 4000 cm-1) and 

fluorescence (250 to 500 nm) spectroscopy 55,125.  For the BSA solutions studied by FTIR 

spectroscopy the amide I band of protein (1600-1700 cm-1) is overlapped by a strongly 

absorbing water band from 1600 to 1700 cm-1 55,134. Bulk water and water vapour spectra 

were subtracted from the BSA solution spectrum in two independent steps to give a flat base 

line between 2300-1750 cm-1 60,61,73,137,138. Bulk water and water vapour subtraction were 

performed in two successive steps (Equations 2.1 and 2.2) to allow off-line spectral 

processing.  

 

fWsOpsWss *−=          (2.1) 

where Wss  is the water subtracted spectrum, Ops  is the original protein spectrum, Ws  is the 

water spectrum and f  is the subtraction factor. 

 

fVWsWssVwss *−=         (2.2) 

where Vwss is the water vapour subtracted spectrum, Wss is the water subtracted spectrum 

and VWs is the water vapour spectrum.  

 

Subtraction factors used in Equations 2.1 and 2.2 were specific for each spectrum analysed 

and allowed for the differences in path length between the background spectra and the sample 

spectra and, for the different level of water vapour in the sample compartments. Subtraction 

factors used in each spectrum were selected by visual inspection to obtain a flat base line 
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between 2300-1750 cm-1 60,73,137,138. The water vapour spectrum is characterised by several 

sharp bands between 4000 – 3500 cm-1 and 2000 - 1300 cm-1 which are attributed to rotational 

motions. The presence of these sharp bands in the protein spectrum may cause incorrect 

amide I band assignments 60. In Equation 2.1, three water bands were subtracted which 

appear at 3400 cm-1 (O-H stretching), 2125 cm-1 (water association) and 1645 cm-1 (H-O-H 

bending) 139 whereas the water vapour bands being subtracted in Equation 2.2 appeared at 

around 2200 cm-1 60. Samples were kept inside the FTIR spectrophotometer for five minutes 

before the measurement to minimise the water vapour contribution to the original native BSA 

spectrum. For fluorescence spectroscopy, the characteristic Trp maximum emission appears 

between 300-400 nm 140. The subtraction factor used in each spectrum was selected by visual 

inspection to obtain a flat base line before 300-400 nm using Equation 2.1. The water 

subtracted spectrum of native BSA was further used to perform additional pre-processing 

methods through this Chapter. 

 

2.1.2. Baseline correction of FTIR and fluorescence spectra 
BC reduces spectral noise attributed to low frequency which is not related to chemical 

information 81. In this Chapter, BC was used to compare different spectra in the same Y-axis. 

This method was useful to correct spectra were some of the data were located in the positive 

Y-axis and the rest of the data were in the negative Y-axis (e.g. 2ndD of amide I band). A 

linear BC was fitted at Y=0 141. Data points that were above or over this value were fitted in 

the baseline giving a BC spectrum 142. The corrected spectrum was obtained using the 

minimum number of points (i.e. two to five points) required to produce a straight baseline 

therefore causing the least alteration in the spectrum shape 55. The BC method could be 

applied to the whole spectrum or specific regions as shown in this Chapter (i.e. amide I band 

(1600-1700 cm-1) and Trp emission (300-400 nm)). Each spectrum was BC individually 

rather than correcting all spectra at the same time 143 to minimise possible errors in the 

corrected spectrum.  

 

2.1.3. Normalization processes for FTIR and fluorescence spectra 
Spectra pre-processing using normalization methods was used to study different spectra in the 

same scale 81. This technique allows identification of regions of each spectrum which are 

modified due to the presence of denatured proteins 81. In this thesis, normalization was pre-
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processed using the AN method which gives all spectra in the same scale. It was calculated 

using two steps: firstly the integral of each spectrum was calculated giving an area under the 

curve for each spectrum. Then, each absorbance measured was divided by the total spectral 

area by simple arithmetic. As a result all the spectra were converted to an area of 1.00 81.  

 

The AN method is described by Equation 2.3. 

a
YY ='            (2.3) 

where 'Y is the absorbance for the area normalized spectrum, Y is the absorbance value in the 

original spectrum and a  is the total area under curve of the spectrum.  

 

2.1.4. Smoothing methods 
FTIR spectra were smoothed using the Savitzky-Golay polynomial method second order. The 

fitted values at each absorbance (X-values) were calculated using a second degree polynomial 

function over five to 13 points. The X-value was located at the centre and for five points 

smoothing there were two points above and below the central X-value. Smoothing methods 

were calculated using Equation 2.4 66,144. A smoothed spectrum corresponds to a spectrum 

taken at low resolution 58. 

 

∑
−=

+
∗ =

k

kh
hjhj XC

N
X 1          (2.4) 

where ∗
jX  is the smoothed spectra, N is the normalizing constant, k is the number of values 

at each side of j and, hC  are the coefficients that depend on the polynomial degree 66,144. The 

spectral range was extended to outside range of amide I (i.e. 1705 to 1595 cm-1) to account 

for the loss of end points due to smoothing. The Savitzky-Golay method was used to smooth 

FTIR spectra over this range and to calculate the differentiation methods described in the next 

paragraphs.  

 

2.1.5. Differentiation methods 
The 2ndD of amide I of proteins (i.e. FTIR spectroscopy) was used to investigate protein 

physical stability. In this work, 1stD and 2ndD were obtained using a Savitzky-Golay method 

which estimates a polynomial regression to transform each absorbance row to a new and 
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smoothed row 143. The 1stD corresponds to the slope at each point in the original data set 58. 

Each peak in the original spectrum is equal to zero in the 1stD spectrum whereas each peak of 

the 1stD spectra corresponds to regions with the maximum slope value in the original 

spectrum 143,145. The 2ndD method studies the curvature at each point in the original spectrum 
58,143,145. The 2ndD spectrum gives a minimum at the center of the original peak whereas 

positive peaks in the original spectra result in negative peaks in the 2ndD spectrum 143. The 

2ndD method is useful to obtain information on peaks in close proximity and represents 

changes in the curvature of the original spectrum 143,145 (i.e. changes in the direction of the 

curve and presence of hidden bands). The position of negative peaks can be used to identify 

hidden overlapping peaks in the original spectra.  

 

The derivative function of smoothed spectra using the Savitzky-Golay method is described in 

Equation 2.5. 
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where 0a  and na  are the derivative values at each wavenumber ( x ) and n  is the number of 

data points. 1a  is the 1stD, 2a  is the 2ndD 146. 

 

Then, the derivative of )(xf  is defined in Equation 2.6. 
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2.1.6. Multiplicative scatter correction (MSC) 
MSC was used to remove the light scattering effect in the raw spectrum. This method 

calculates an average spectrum from the whole data set (i.e. native BSA, 50% native BSA 

and thermally denatured BSA protein) giving two coefficients: the offset or additive effect 

( a ) and the slope or multiplicative effect ( b ) of the regression line. These coefficients are 

then used to estimate a regression of each individual spectrum (i.e. native BSA, 50% native 

BSA and thermally denatured BSA protein) on the average data 129,145. The corrected MSC 

spectrum is similar to the average spectrum 66,147 containing approximately the same degree 

of light scattering 66.   

The MSC effect for spectrum ( i ) is defined by Equation 2.7. 
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where T
ix  is the row vector of the absorbance measurements, Tx is the mean spectrum, ia  is 

the additive effect and bias, ib  is the multiplicative effect and slope and, T
ie  is the residual 

vector which contains the chemical variance. T
ie corresponds to the difference between the 

mean spectrum and the residual vector 129,130,147. 

Then, coefficients ia  and ib  are replaced in Equation 2.8 to calculate the MSC spectra 

( )(MSCX ij ).  

i

iij
ij b

aX
MSCX

−
=)(               (2.8) 

where ijX is the absorbance at the jth point in spectrum ( i ) 66,129,148,149.  

 

2.1.7. Standard normal variate (SNV) 

SNV and MSC are related methods which correct for multiple scattering effects however, 

spectra pre-processed using SNV are scaled independently (without calculation of a mean 

spectrum like in MSC). Each spectrum is centred about its own mean intensity and scaled by 

its own standard deviation 66,122. SNV corrects the original spectrum by centring the row of 

each spectrum at zero and scaling the absorbance of each spectrum from -2 to +2 using 

Equations 2.9 and 2.10: 
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where ijX is the absorbance in spectrum ( i ), )(xMean  and )(xSDev are mean and standard 

deviation of X-axis and m  is the number of columns 66,122,133,145.  
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Several reports have described the use of these pre-processing techniques to quantify the 

spectral data obtained from FTIR, ATR, Near-IR, fluorescence and Raman spectroscopy 119-

122. However, few authors have described in detail the advantages and/or disadvantages of 

applying these techniques alone or in combination for studying protein conformation data. 

The overall aim of this Chapter was to evaluate changes in the FTIR and fluorescence spectra 

when different pre-processing methods were applied to the original spectrum. FTIR 

spectroscopy was used to investigate changes in the amide I band of BSA (1700-1600 cm-1) 

which contain more relevant information about the secondary structure of protein (i.e. α-

helix, β-sheet, turns and disorder elements) than amide II or amide III 24,48,54,65,75. In the case 

of fluorescence spectra, the Trp maximum emission (300-400 nm) was used to investigate 

changes in the tertiary structure 24,75 of native BSA, 50% native and heat-denatured BSA. 

These pre-processing methods are further used to develop a standard protocol for pre-

processing FTIR and fluorescence spectra, which is expected to maximise information 

relevant to protein secondary and tertiary structure. 

 

2.2. Materials and Methods 

2.2.1. Materials 
BSA was obtained from Sigma-Aldrich, USA (B4287, 95%). 

 

2.2.2. Preparation of native BSA, heat-denatured BSA and binary 
mixtures of BSA (1% and 5%) 
BSA was dissolved in distilled water to give protein solutions at 1% and 5% w/w. Samples 

were heated at 90°C for 30 minutes to give heat-denatured BSA while the unheated initial 

solution represented native BSA. Binary mixtures of 50% w/w native: 50% denatured BSA 

were prepared by weighing each solution in an analytical balance followed by gentle mixing. 
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2.2.3. Infrared spectroscopy (FTIR) 
FTIR spectra were acquired using a Varian 3100 FTIR Excalibur series spectrometer with 

Varian resolutions Pro software (version 5.0, Agilent Technologies, Mulgrade, Victoria, 

Australia). Binary mixtures (50% w/w native: 50% denatured BSA solutions) of 12 μL were 

analysed using a CaF2 transmission window from BioCellTM (Jupiter, Florida, USA) with a 

six µm path length and five cm diameter. A total of 16 scans were collected with a resolution 

of 4 cm-1. The sample chamber was constantly purged with dry air (purge gas generators, 

PG28L, PEAK Scientific Instruments, Belmont, Victoria, Australia).   

 

The amide I band of protein spectra (1600-1700 cm-1) was pre-processed by BC, AN and 

smoothing (Savitzky-Golay with five to 13 points smoothing), 1stD and 2ndD calculation 

(Savitzky-Golay with five to 13 points smoothing) 73,131,137,150, SNV, MSC 150 and the 

combination of derivative, BC and AN methods. Pre-processing was conducted using The 

Unscrambler®X (Smoothing, 1stD and 2ndD, SNV and MSC, CAMO Software Oslo, Norway, 

Version 10.1) and Origin®Pro (BC and AN, Origin Lab Corp. Version 8.5). Water and water 

vapour were subtracted to give a flat base line between 2300-1750 cm-1 using Microsoft 

Excel (2003) 60,73,137,138.  

 

2.2.4. Fluorescence spectroscopy 
Fluorescence spectra were recorded using a Hitachi F-7000 fluorescence spectrophotometer 

and Fl solutions software (version 2.1, Hitachi High-Technology Corporation, Tokyo, Japan). 

The sample cell (10 mm path length) was obtained from Bio-Tools, Inc. (NSW, Australia). 

Samples were excited at 295 nm and the emission was recorded between 250-500 nm. The 

scan speed was 240 nm min-1, excitation and emission slit widths were 5 nm and voltage of 

the photomultiplier detector (PMT) was set at 400 V. Water was subtracted 69,73 and the 

emission band between 300-400 nm was pre-processed using BC, AN, SNV, MSC 150 and a 

combination of BC and AN methods. Pre-processing was conducted with The 

Unscrambler®X software. 
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2.3. Results 

2.3.1. Background subtraction 
FTIR spectra of water, native BSA (5% w/w) in water and the water vapour are shown in 

Figure 2.1(A). The water spectrum showed bands for FTIR spectroscopy at 3400 cm-1 and 

1645 cm-1  whereas the water vapour spectrum showed sharp bands around 4000-3500 cm-1 

and 2000-1250 cm-1 and a band around 2300 cm-1. The spectrum of native BSA in water was 

overlapped with water between 1700 and 1600 cm-1. The spectrum of native BSA in water 

was water and water vapour subtracted to give a flat baseline between 2300-1750 cm-1 as was 

shown in Figure 2.1(B). The subtracted spectra showed bands at 1700-1600 cm-1, 1480-1575 

cm-1 and 1229-1301 cm-1  (Figure 2.1(C)).  

 

In the case of fluorescence spectroscopy, the maximum emission of native BSA in water 

appears around 350 nm and the water band appears at 290 nm  (Figure 2.2). Water was 

subtracted from the raw data to reduce the solvent influence in the maximum intensity values 

of Trp residue (300-400 nm).  
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Figure 2.1 Typical example of FTIR spectra showing native BSA (5% w/w) before and 

after water and water vapour subtraction (from top to bottom): (A) The 
original spectra of water, native BSA in water and water vapour (before 
subtraction) and (B) spectra of native BSA in water and native BSA after 
water subtraction and (C) spectra of native BSA after water and water vapour 
subtraction. The square in Figure 2.1(B) illustrates the flat baseline region 
after water and water vapour subtraction (2300-1750 cm-1).  
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Figure 2.2 Typical example of fluorescence spectra showing native BSA (1% w/w) 

before and after water subtraction (from top to bottom): (A) the original 
spectrum of water, (B) the original spectrum of native BSA in water and (C) 
the native BSA spectrum after water subtraction. (Spectra of water (A) and 
protein in water (B) are in different scales).  
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2.3.2. Baseline correction 
 
The amide I band of native BSA (5% w/w) was BC as shown in Figure 2.3. The linear BC 

spectrum showed a decrease in absorbance intensity at the end points of amide I band (1700 

and 1600 cm-1) which was represented using arrows. The end points of the amide I band were 

fitted to Y=0. The maximum absorbance (1654.9 ± 0.0 cm-1) remained at the same 

wavenumber following the linear BC. The absorbance at 1600 cm-1 (ΔA: 0.009 ± 0.002) was 

reduced more than at 1700 cm-1 (ΔA: 0.006 ± 0.003) (mean ± s.d., n=3). This increased the 

slope of the spectra over the range 1600 to 1654 cm-1 more than in the region from 1654 to 

1700 cm-1.   

 

 
Figure 2.3 Typical example of FTIR spectra showing a comparison between the amide I 

band of native BSA (5% w/w) before and after linear BC (i.e. Y=0). Arrow 
indicates the decrease in the absorbance intensity in the original spectra to 
perform the linear BC method.  

 

Spectra of native BSA, 50% native BSA and heat-denatured BSA were BC to compare 

changes in the secondary structure of proteins (Figure 2.4). The heat-denatured BSA (5% 

w/w) (dashed line) showed a characteristic shoulder at 1610-1630 cm-1 and a decrease in the 

band at 1654 cm-1. The spectrum of amide I band for 50% native BSA had a similar shape 

than for amide I of native BSA but showing higher absorbance intensity. Arrows indicates the 

shift in the absorbance intensity of the original spectra that were necessary to perform the 

linear BC. However, native BSA, 50% native BSA and heat-denatured BSA spectra were in 

different scales and it was necessary to perform an additional pre-processing method (i.e. 

normalization) to better investigate the differences in the secondary structure of these protein 

solutions. 
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Figure 2.4 Typical example of FTIR spectra showing a comparison between the amide I 

band (5% w/w) before and after linear BC (i.e. Y=0). Native BSA (straight 
line), 50% native BSA (dotted line) and heat-denatured BSA (dashed line). 
Arrows indicates the increase or decrease in the absorbance intensity in the 
original spectra to perform the BC method.  

 

In the case of fluorescence spectroscopy, the intensity of the Trp band (300-400 nm) was 

shifted giving a linear BC spectrum with constant value (Y=0) (Figure 2.5). The shift in the 

intensity of native BSA is indicated using arrows. The maximum emission of Trp band for 

native BSA alone was shifted from 341.6 ± 0.5 to 340.6 ± 0.0 which was obtained by visual 

inspection of the point of maximum absorbance between 300-400 nm (mean ± s.d., n=3).  

 
Figure 2.5 Typical examples of fluorescence spectra of BSA protein showing the Trp 

maximum intensity for 100% native BSA (300-400 nm) before and after linear 
BC. Arrows indicates the shift in the fluorescence intensity after BC.  
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Fluorescence spectra of native BSA, 50% native and heat-denatured BSA were used to study 

changes in tertiary structure of proteins using linear BC (Figure 2.6). After BC, the 

maximum fluorescence intensity (300-400 nm) for native BSA, 50% native BSA and 

thermally denatured BSA were shifted from (341.6 ± 0.5 nm, 338.7 ± 0.2 nm and 334.6 ± 0.2 

nm respectively) to (340.6 ± 0.0 nm, 338.5 ± 0.3 nm and 334.7 ± 0.1 nm respectively). 

Arrows indicate the shift in the fluorescence intensity after linear BC. 

.

 

Figure 2.6 Typical example of fluorescence spectra of BSA protein showing the Trp 
maximum intensity (300-400 nm) before and after linear BC for native BSA 
(straight line), 50% native BSA (dotted line) and heat-denatured BSA (dashed 
line). Arrows indicate the decrease in the fluorescence intensity after BC. 

 

2.3.3. Area normalization  
The FTIR spectra of native BSA were pre-processed using AN to compare different spectra 

in the same scale to gain additional information about protein conformation. The amide I 

band of native BSA was area normalized as shown in Figure 2.7. The position of the 

maximum intensity at 1654.9 cm-1 was not shifted after AN of the original spectrum.  
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Figure 2.7 Typical example of FTIR spectra of amide I pre-processed using AN for 

native BSA of the original spectrum (straight line) and after AN (dotted line).  
 

 

The position of the maximum intensity for native BSA and 50% native BSA pre-processed 

using AN was 1654.9 ± 0.0 cm-1 whereas for heat-denatured BSA spectra this band was 

shifted to 1649.1 ± 0.0 cm-1 (Figure 2.8). Additionally, a second band was obtained for 

solutions of heat-denatured BSA around 1620 cm-1. Spectra of amide I pre-processed using 

the AN gives all the spectra in the same scale which allowed a better comparison between 

changes in the secondary structure of proteins attributed to α-helix (1654.9 cm-1) and 

intermolecular β-sheet elements (1610-1630 cm-1) among original spectra of native BSA, 

50% native BSA and heat-denatured BSA. The intensity of the α-helix band at 1654.9 cm-1 

was reduced from the native BSA to the heat-denatured BSA. 
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Figure 2.8 Typical example of FTIR spectra of amide I pre-processed using AN for 

native BSA (straight line), 50% native (dotted line) and heat-denatured BSA 
(dashed line) (Top lines: before pre-processing. Bottom lines: after pre-
processing).  

 

The amide I band was pre-processed using a combination of methods (i.e. BC and AN) to 

investigate if the association of those methods gave additional information about protein 

structure (Figure 2.9). The position of the maximum absorbance for the amide I band pre-

processed using BC and AN for native BSA was 1652.99 ± 0.0 cm-1 which was consistent 

with the information obtained from spectra pre-processed using AN alone (Figure 2.8).  
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Figure 2.9 Typical example of FTIR spectra of amide I band pre-processed using BC and 

AN: the original spectrum before pre-processing (straight line), the BC 
spectrum (dotted line) and the spectrum after BC and AN (dashed line).  

 

Native BSA, 50% native and heat-denatured BSA spectra were used to investigate changes in 

protein physical stability after linear BC and AN of the amide I band (Figure 2.10).  The 

combination of these pre-processed methods gave spectra at the same scales and similar 

starting and ending values of absorbance (i.e. Y=0). The position of the maximum 

absorbance for native BSA and 50% native BSA was 1652.99 ± 0.0 cm-1 and for heat-

denatured was 1649.13 ± 0.0 cm-1. 
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Figure 2.10 Typical example of FTIR spectra of amide I band (1700-1600 cm-1) pre-

processed using linear BC and AN: native BSA (straight line), 50% native 
(dotted line) and heat-denatured BSA (dashed line).  

 
 
Fluorescence spectra of native, 50% native and heat-denatured BSA pre-processed using AN 

were used to investigate changes in the tertiary structure of proteins comparing all these 

spectra in the same area (Figure 2.11). In comparison with original spectra shown in Figure 

2.6, the area normalized spectrum of Trp (300-400 nm) showed a blue shift in the maximum 

emission from native BSA (341.3 ± 0.3 nm) compared to heat-denatured BSA (334.4 ± 0.1 

nm). The peak of maximum fluorescence intensity increased from native to heat-denatured 

spectra. However, those spectra had a different baseline.  
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Figure 2.11 Typical example of fluorescence spectra of Trp emission (300-400 nm) pre-

processed using AN: native BSA (straight line), 50% native (dotted line) and 
heat-denatured BSA (dashed line). Arrow indicates the blue shift from native 
BSA (341.3 ± 0.3 nm) to heat–denatured BSA (334.4 ± 0.1 nm).  

 
 
Fluorescence spectra of native BSA, 50% native and heat-denatured BSA were pre-processed 

using BC in combination with AN as shown in Figure 2.12. Spectra pre-processed using BC 

and then, AN show smaller differences in the magnitude of fluorescence intensity of Trp 

maximum emission between native BSA and heat-denatured BSA than spectra pre-processed 

using AN alone (Figure 2.11). The maximum Trp emission of spectra for native BSA, 50% 

native BSA and heat-denatured BSA were 340.8 ± 0.3 nm, 338.4 ± 0.2 nm and 334.8 ± 0.0 

nm respectively (Figure 2.12). 
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Figure 2.12 Typical example of fluorescence spectra of Trp emission (300-400 nm) pre-

processed using BC and AN: native BSA (straight line), 50% native (dotted 
line) and heat-denatured BSA (dashed line).  

 

2.3.4. Smoothing methods 
The spectrum of native BSA (amide I band) was smoothed in 5, 9 and 13 points using the 

Savitzky-Golay method to investigate the decrease in the spectral noise and the loss of 

relevant information in the smoothed spectra (Figure 2.13). The original amide I band did not 

show a considerable amount of noise to be reduced, due to the bulk water and water vapour 

subtraction steps. When smoothed in 13 points the shape of the original amide I band 

changed considerably and this was considered an example of excessive smoothing. The 

original spectrum of the amide I band for native BSA alone showed a narrow peak at 1654.9 

cm-1 whereas spectra smoothed in 13 points showed a wide peak which shifted to 1652.9 cm-1 

(Table 2.1). Additionally, the loss of peak information with excessive smoothing was 

investigated for native BSA, 50% native BSA and heat-denatured BSA (Table 2.1). 

Smoothed spectra shifted the peak position of amide I with the increase in smoothing points 

from zero to 13 points.  
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Figure 2.13 Typical example of FTIR spectra of amide I band pre-processed using 

smoothing (Savitzky-Golay) and BC (from top to bottom): spectra smoothed 
in 0, 5, 7, 9, 11 and 13 points. The vertical line (1654 cm-1) shows the shift in 
the maximum absorbance of native BSA with the increased in smoothing 
points from 0 to 13 points. (Spectra were off set for clarity). 

 
 
Table 2.1 Peak positions for the original and smoothed spectra for native BSA, 50% native 
BSA and heat-denatured BSA. (mean ± s.d.). 
 
Pre-processing method Native BSA alone 

(wavenumber cm-1) 
50% Native BSA 

(wavenumber cm-1) 
Heat-denatured BSA 
(wavenumber cm-1) 

Original spectra 1654.9 ± 0.0 1654.3 ± 1.1 1649.1 ± 0.0 
 

Smoothed in 5 points 1654.9 ± 0.0 1652.9 ± 0.0 1649.1 ± 1.9 
 

Smoothed in 7 points 1654.9 ± 0.0 1652.9 ± 0.0 1649.8 ± 2.2 
 

Smoothed in 9 points 1653.6 ± 1.1 1652.3 ± 1.1 1649.1 ± 1.9 
 

Smoothed in 11 points 1652.9 ± 0.0 1651.7 ± 1.1 1648.4 ± 1.1 
 

Smoothed in 13 points 1652.9 ± 0.0 1651.1 ± 0.0 1648.4 ± 1.1 
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2.3.5. Differentiation methods 
Derivative methods using five to 13 smoothing points were used to investigate the 

relationship between smoothing effect and the loss of relevant information about protein 

secondary structure. The 1stD spectrum (Figure 2.14) showed two turning points around 1650 

cm-1 and 1665 cm-1 which represent changes in the curvature of the original spectrum of 

amide I as shown in Figure 2.3. 1stD spectra crossed the X-axis at 1654 cm-1 which 

corresponds with the maximum absorbance in the amide I band (e.g. α-helix band) (Figure 

2.14). This value did not change with the increase of smoothing points which was assessed by 

visual inspection. However, the increase in the number of smoothing points from five to 13 

reduced the spectral noise around 1680-1700 cm-1 and 1610-1630 cm-1 which was assessed by 

visual inspection. Additionally, smoothing the 1stD in 13 points reduced information of amide 

I band giving a wide curve around 1680-1700 cm-1 and 1610-1630 cm-1. Spectra pre-

processing using the 1stD smoothed in 11 points showed a shift in the cross-over point at zero 

which corresponds to the maximum absorbance of native BSA (1654.9 ± 0.0 cm-1), 50% 

native BSA (1652.9 ± 0.0 cm-1) and thermally denatured BSA (1649.1 ± 1.9 cm-1).    
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Figure 2.14 Typical example of FTIR spectra of amide I band pre-processed using 1stD 

smoothed with 13, 11, 9, 7 and 5 points showing the two turning points 
(around 1650 and 1660 cm-1). The horizontal line shows the intersection with 
zero which represents the maximum absorbance at 1654.9 cm-1 for the original 
spectra. 

 
 
FTIR spectra of the amide I band pre-processed using the 2ndD are shown in Figure 2.15. The 

positive peak in the original spectrum of BSA at 1654.9 cm-1 resulted in a negative peak in 

the 2ndD spectrum which appears at the same position (i.e. 1654.9 cm-1). Spectra were pre-

processed using the Savitzky-Golay method with 5, 7, 9, 11 and 13 points smoothing to 

investigate the decrease in spectral noise and the loss of relevant information. The 2ndD of 

amide I smoothed in 5 points contained large amount of sharp bands around 1700-1680 cm-1, 

1654 cm-1, 1650 cm-1 and 1600-1630 cm-1. In contrast, the spectrum smoothed in 13 points 

shown a wide band at 1654 cm-1 without bands around 1700-1680 cm-1, 1650 cm-1 and 1600-

1630 cm-1. The 2ndD spectra smoothed from 7 to 11 points reduced the sharpness of these 

bands giving smoothed spectra. A large decrease in the absorbance intensity was observed for 

spectra smoothed in 13 points in comparison with spectra smoothed in five points.  
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Figure 2.15 Typical example of FTIR spectra of amide I band pre-processed using 2ndD 

(Savitzky-Golay) smoothed in (from top to bottom): 13 points (dotted line), 11 
points (dash dotted line), 9 points (dashed line), 7 points (short dotted line) 
and 5 points (straight line). Vertical lines show loss of peaks with increasing 
smoothing. (Spectra were off set for clarity).  

 

The spectrum of the amide I band was pre-processed using the 2ndD of the amide I band 

smoothed in 11 points and then, the 2ndD spectrum was BC giving the whole data set in the 

same Y-axis. Arrows indicate the shift down in absorbance intensity after linear BC (Figure 

2.16(A)). After that, AN was applied to the 2ndD and the BC spectrum of the amide I band 

(Figure 2.16(B)). The corrected spectrum of native BSA using the 2ndD smoothed in 11 

points, BC and AN showed the α-helix band at 1654 cm-1 without bands at 1610-1630 cm-1. 

Additionally, the corrected spectrum did not show evidence of spectral noise. 
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Figure 2.16 Typical example of 2ndD of amide I band smoothed in 11 points (Savitzky-

Golay) pre-processed using (A) BC and (B) BC and AN. Arrows indicates the 
shift in absorbance after linear BC method.  

 
 
FTIR spectra of the amide I band pre-processed using a combination of techniques (2nd D 

(11), BC, AN) were used to compare the secondary structure of native BSA, 50% native BSA 

and heat-denatured BSA (Figure 2.17). In comparison with the amide I of native BSA, 

spectra of heat-denatured BSA and 50% native BSA showed appearance of bands at 1610 - 

1630 cm-1 and 1654.9 cm-1.  
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Figure 2.17 Typical example of FTIR spectra of amide I band pre-processed using 2ndD 

smoothed in 11 points, BC and AN: native BSA (straight line), 50% native 
BSA (dotted line) and heat-denatured BSA (dashed line). Arrows indicate the 
decrease in α-helix content (1654 cm-1) and increase of intermolecular β-sheet 
(1610-1630 cm-1).  

 

2.3.6. Multiplicative scatter correction  
Multiplicative scatter correction spectra showed the main differences attributed to α-helix 

(1654 cm-1) and β-sheet bands (1610-1630 cm-1) of native BSA, 50% native and heat-

denatured BSA (Figure 2.18). Spectra of native BSA, 50% native and heat-denatured BSA 

were used to calculate an average spectrum using the MSC method. In comparison with 

original spectra of native BSA, 50% native BSA and heat-denatured BSA (Figure 2.4), 

amide I spectra pre-processed using MSC decreased the absorbance intensity from native 

BSA alone to heat-denatured BSA in the band at 1654 cm-1. The characteristic band 

attributed to aggregates was shown for heat-denatured BSA and also for the 50% native BSA 

to be around 1610-1630 cm-1. 
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Figure 2.18 Typical example of FTIR spectra of amide I band of native BSA (straight 

line), 50% native (dotted line) and heat-denatured BSA (dashed line): (A) 
original spectra and (B) spectra pre-processed using MSC method.  

 
 

Fluorescence spectra of native BSA, 50% native BSA and heat-denatured BSA were pre-

processed using MSC as shown in Figure 2.19. This pre-processing method showed the shift 

in the maximum emission of Trp from 342 nm (for native BSA) to 334 nm (for heat-

denatured BSA). Additionally, this method reduced the differences in fluorescence intensity 

that were found in the original spectra of Trp maximum emission of native BSA, 50% native 

BSA and heat-denatured BSA (Figure 2.6).  
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Figure 2.19 Typical example of fluorescence spectra of Trp emission of native BSA 

(straight line), 50% native BSA (dotted line) and heat-denatured BSA (dashed 
line): (A) original spectra and (B) spectra pre-processed using MSC method.  

 
 

2.3.7. Standard normal variate 
FTIR spectra were pre-processed using the SNV method showing the principal differences in 

of the amide I band for native BSA, 50% native BSA and heat-denatured BSA at 1654 cm-1 

and 1610-1630 cm-1 (Figure 2.20). The differences in the absorbance intensity obtained in 

original spectra (Figure 2.4) were reduced using SNV method. 
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Figure 2.20 Typical example of FTIR spectra of amide I band of native BSA (straight 

line), 50% native (dotted line) and heat-denatured BSA (dashed line): (A) 
original spectra and (B) spectra pre-processed using the SNV method.  

 
 
Fluorescence spectra pre-processed using the SNV method was shown in Figure 2.21. In 

comparison with original spectra (native BSA, spectra of 50% native BSA and heat-

denatured BSA) (Figure 2.6), the SNV method showed a shift in the maximum emission of 

Trp from 342 nm for native BSA to 334 nm for heat-denatured BSA reducing the differences 

in the fluorescence intensity.  
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Figure 2.21 Typical example of fluorescence spectra of native BSA (straight line), 50% 

native BSA (dotted line) and heat-denatured BSA (dashed line): (A) original 
spectra and (B) spectra pre-processed using SNV method.  
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2.4. Discussion 
In this Chapter, pre-processing methods were used alone (i.e BC, AN, derivatives, SNV and 

MSC) or in combination with other methods (i.e. 2nd D, BC, AN (FTIR spectra) and BC, AN 

(fluorescence spectra)) to obtain additional information that explains changes in the 

secondary (FTIR spectroscopy) and tertiary (fluorescence spectroscopy) structure of proteins. 

Pre-processing methods were applied to the original spectra of native BSA, 50% native BSA 

and thermally denatured BSA to demonstrate that the use of pre-processing methods is 

necessary in the study of protein structure and it needs to be carefully performed with 

attention given to the changes that occur with each step.   

 

Typical bands of proteins in solution were found using FTIR spectroscopy. The water 

spectrum showed the characteristic bands for FTIR spectroscopy at 3400 cm-1 (O-H 

stretching) and 1645 cm-1 (H-O-H bending) 139 whereas the water vapour spectrum showed 

characteristic sharp bands around 4000-3500 cm-1 and 2000-1250 cm-1 and a band around 

2300 cm-1  attributed to rotational motions 60. The spectrum of native BSA in water showed 

the characteristic amide I band (1645 cm-1) overlapped with water between 1700-1600 cm-1 

(C=O stretching) 60,73,137-139. The spectrum of native BSA in water was water and water 

vapour subtracted to give a flat baseline between 2300 and 1750 cm-1 which was consistent 

with previous reports 60,73,137,138. The subtracted spectra showed characteristics amide I, II and 

III bands at 1700-1600 cm-1 (C=O stretching), 1480-1575 cm-1 (N-H bending and C-N 

stretching) and 1229-1301 cm-1 (N-H bending and C-N stretching) respectively 139.  

 

The water band (H-O-H) absorbs strongly around the amide I band of proteins (1700-1600 

cm-1). However, the strong absorption of water can be avoided using CaF2 windows with a 

short pathlength (6-8 μm) and protein solutions at concentrations higher than 10 mg/mL 151. 

In this thesis, both recommendations were considered to control the strong adsorption of 

water in the amide I band region. The Varian resolution Pro software has the rapid-scan 

option giving a spectrum in a few milliseconds. Commonly, protein spectra are collected 

using 16 to 100 scans and the resolution is fixed in four or eight cm-1 151-154 In this thesis, 

FTIR spectra were collected using 16 scans with a resolution of four cm-1 giving a good 

relationship between the scan rate and the data acquisition.  

 

 51 



Background subtraction is considered a critical step within spectral pre-processing methods 55 

to obtain an appropriate protein spectrum which gives qualitative and quantitative 

information about the structure of proteins 68. In the case of FTIR spectroscopy, background 

subtraction is a necessary pre-processing method because the amide I band (1600-1700 cm-1) 

overlaps with water bands. Additionally, amide I of BSA is affected by the presence of water 

vapour bands which contribute to increase in spectral noise in the amide I band affecting the 

quality of this band (Figure 2.1(B and C)) 60. An alternative method to minimize water 

vapour contribution is to allow a longer incubation time inside the measurement chamber of 

the spectrophotometer giving extra time to purge the remaining air. Protein solutions were 

equilibrated in the sample chamber of the spectrophotometer for five and ten minutes where 

spectral noise attributed to water vapour was clearly decreased (data no shown). This 

alternative method to reduce water vapour contribution may be useful when a small number 

of samples are being analysed. In this work, FTIR spectroscopy was used to measure several 

protein samples to investigate protein physical stability in native protein, 50% native and 

heat-denatured BSA solutions. Thus, protein solutions needed to be measured as soon as 

possible to avoid protein degradation, so that protein samples could not remain inside the 

spectrophotometer during a long period of time.  

 

In the case of fluorescence spectroscopy, the water band did not interfere directly with the 

Trp band (300-400 nm) 69 because the water band appears before the Trp emission. The 

maximum emission of native BSA in water appears around 350 nm 73 and the water band 

appears at 290 nm 140.  The water vapour signals did not show to affect the quality of Trp 

band or increase the noise of Trp band (Figure 2.2). Background subtraction results for FTIR 

and fluorescence spectra were in agreement with previous reports showing that this pre-

processing method is a crucial first step in protein analysis using spectroscopy 60,69,151.  

 

The subtraction method used in this Chapter has been extensively reported and applied in 

several publications 55,60,69,73,125,137,138. Background subtracted spectra were obtained straight 

forward since unwanted peaks (i.e. water and water vapour signals) were removed by visual 

inspection from the original spectrum. However, the main consideration of background 

subtraction is to avoid over-subtraction of the original spectrum which may produce a loss of 

important spectral information 137,138. In the case of FTIR, background subtraction was 

performed using Microsoft Excel. However, the mathematical principle used for Excel 

Microsoft and Varian resolution Pro software is the same and the subtracted spectrum 
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obtained from any of these methods should be similar. In the case of fluorescence spectra, the 

background subtraction was performed using the Fl solutions software, nevertheless a similar 

subtracted spectrum must be obtained using Microsoft Excel.  

 

Spectra pre-processed using BC did not improve the quality of the information obtained 

about protein physical stability in comparison with original spectra. Indeed, this method did 

not give new information to explain protein conformation in comparison with the raw spectra 

and similar spectra were obtained before and after the application of this method. This may 

be explained because linear BC modified the magnitude of the Y-axis (i.e. FTIR absorbance 

and fluorescence intensity) but the shape of the curves were kept intact. This may be 

explained because the light scattering effect produced a slope in the raw spectrum 130. In the 

case of liquid samples, the BC FTIR and fluorescence spectra did not modify the curves and 

slopes of the raw spectra. Moreover, linear BC did not affect the position of the principal 

amide I bands for FTIR spectroscopy (i.e. 1654 cm-1) (Figure 2.4) and the Trp band for 

fluorescence spectroscopy (i.e. 342 nm) (Figure 2.6). This result was in agreement with the 

work reported by Rinnan et al. (2009), where Near-IR spectra of proteins in a sugar mixture 

pre-processed using the BC method did not improve the spectral data 130. Baseline offset is 

another method used to perform a BC which corrects the spectral data set to the minimum 

point within the spectra 130,148. Spectra pre-processed using the baseline offset method may 

change the Y-axis of the original spectra 130. Yet, the baseline offset method should not give 

new information about the shift in the position of amide I band or Trp emission or show the 

presence of new bands. This means that similar information about protein physical stability 

must be obtained after BC using the baseline linear or the baseline offset correction methods.  

 

Normalization removes spectral variations dividing each spectrum by a number (i.e. a 

constant, mean, minimum, maximum etc). The common goal of normalization is to convert 

all spectra in the same scale 141,148. Diverse normalization methods are possible where the 

principal difference between them is that the original spectrum is divided by an area, peak 

height, mean, or maximum Y-value 141. The AN method is useful to improve the correlation 

of spectroscopy signals which increases the precision of quantitative analysis. Commonly, 

normalized area is preceded by BC 141. In the analysis of protein stability, the most common 

method of normalization used to investigate protein secondary structure is the AN 52,73,131. 

Jorgensen et al. (2004) reported the use of AN in combination with 2ndD of amide I to 

calculate the area overlap of BSA and HAS in different water oil emulsions 73.  

 53 



 

In this Chapter, spectra were pre-processed using AN. This method transforms all the spectra 

in the same area (total AUC = 1) which allows investigating changes in the spectrum to be 

attributed to loss of secondary and tertiary structure of proteins. Moreover, normalization has 

been used to investigate the relationship between shift in the maximum emission of the 

fluorophores (i.e. 2-acetylanthracene and 2-anilinonaphthalene) and the effect of solvents of 

different polarity (i.e. water, methanol, octanol, hexane, dioxane and cyclohexane) using 

fluorescence spectroscopy studies 155. AN was applied to circular dichroism spectra of native 

proteins to quantify protein content using PLS models 141. In this thesis, FTIR spectra pre-

processed using AN (Figure 2.8) showed differences and similarities between native BSA, 

50% native BSA and heat-denatured BSA spectra more clearly than for spectra pre-processed 

using linear BC (Figure 2.4). The principal differences between native BSA, 50% native 

BSA and heat-denatured BSA spectra were characterised by a decrease in the absorbance 

intensity at 1654 cm-1 as a result of decreased α-helix content and the presence of bands at 

1610-1630 cm-1 attributed to aggregates or intermolecular β-sheets structures. The principal 

similarity between those spectra was in the absorbance intensity of 50% native and heat-

denatured BSA at 1654 cm-1 (Figure 2.8) which is an indication of the loss of secondary 

structure in the 50% native BSA solution 48,65.  

 

In the case of fluorescence spectroscopy, changes in the Trp band (e.g. blue shift and reduced 

fluorescence intensity) were attributed to loss of tertiary structure in the heat-denatured BSA 
155-157. The maximum fluorescence intensity (300-400 nm) for native BSA, 50% native BSA 

and thermally denatured BSA were shifted from (341.6 ± 0.5 nm, 338.7 ± 0.2 nm and 334.6 ± 

0.2 nm respectively) to (340.6 ± 0.0 nm, 338.5 ± 0.3 nm and 334.7 ± 0.1 nm respectively). 

This may indicate that Trp is more exposed to the polar environment as a result of the loss of 

tertiary structure 69,150. The advantage of using area normalization over BC methods was to 

visualise better the shift in the position of the Trp maximum emission (Figure 2.11). 

However, fluorescence spectra pre-processed using the AN method were not BC. This may 

explain the different magnitude of the Trp maximum emission between native BSA, 50% 

native and heat-denatured BSA spectra. Thus, these spectra may be BC to verify that change 

in fluorescence intensity can be explained due to loss of tertiary structure of BSA 69,155-158. 

The combination of BC and AN methods was useful to investigate the blue-shift from native 

BSA (342 nm) to heat-denatured BSA (334 nm) as well as the differences in the fluorescence 
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maximum intensity of native BSA, 50% native BSA and heat-denatured BSA that may be 

attributed to loss of tertiary structure of proteins (Figure 2.12). 

 

Spectra contain random noise plus characteristic signals for each sample. The level of noise 

for each sample will depend on the experimental conditions used to obtain each spectrum 127. 

Smoothing is a pre-processing technique where the spectral noise is reduced 81. However, 

smoothing may remove sample signals that could be interesting to include in the analysis 
55,57,81. The smoothed spectrum is similar to the original spectrum with lower resolution 
57,58,81. For spectra being pre-processed using a combination of techniques, smoothing must 

be performed at the end. This may avoid the loss of relevant information that could be 

resolved by other techniques. Moreover, spectral smoothing is an integral part of derivative 

calculation so it was an important aspect to study.  

 

The amide I band was used to investigate the effect of increasing smoothing points (0, 5, 7, 9, 

11 and 13 points, Figure 2.13) to reduce the spectral noise. The original spectrum of the 

amide I band did not contain a large amount of spectral noise which was investigated by 

visual inspection. However, this method was used to investigate the loss of relevant 

information as a result of over-smoothing which was characterised by a loss in the shape of 

the amide I band at 1654 cm-1. An over-smoothed spectrum is obtained when an excessive 

number of smoothed points are chosen which may affect the quality of spectral data 55 since 

relevant information could be lost 144. An over-smoothed spectrum was obtained for the 

amide I band smoothed in 13 points (Figure 2.13) giving a broad band which has lost the 

shape and curvature of the original spectrum. Moreover, an uncorrected smoothed spectrum 

is obtained when a too small number of smoothing points is selected and spectral noise 

remains in the smoothed spectrum. Spectra smoothed in five points kept the shape of the 

original amide I spectrum. This suggests that smoothing the amide I band spectrum in five 

points could be suitable to reduce spectral noise and keep the shape of amide I band. This is 

in agreement with results shown in Table 2.1. In comparison with original spectra, the 

position of the maximum peak of native BSA alone at 1654 cm-1 was stable until spectra 

smoothed in seven points. Then, the position of the maximum peak of native BSA alone 

showed a shift to lower wavenumbers which could means that amide I band smoothing in 9 

or more points are less stable. The raw fluorescence spectrum of native, 50% native and heat 

denatured BSA did not show evidence of spectral noise and for that reason, raw Trp bands 

were not smoothed. 
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Differentiation is an objective method 61 to study protein physical stability which gives 

information about changes in band intensity and shift positions of protein bands. The 1stD and 

2ndD were calculated  58,61 to investigate protein structure. The principal advantage of 2ndD 

methods is that near or overlapped bands in the original spectrum can be identified to study 

each band as separated signals 143. In this Chapter, 1stD and 2ndD were calculated for FTIR 

spectra to identify the presence of overlapping bands in the amide I region (i.e. α-helix at 

1654 cm-1 and intermolecular β-sheets at 1610-1630 cm-1). Additionally, the 2ndD method 

could identify other protein bands that cannot be easily studied by other pre-processing 

methods, including intermolecular β-sheet (1680-1690 cm-1) and turn helix elements (1672 

cm-1). Fluorescence spectra were not pre-processed using the 2ndD because Trp emission does 

not contain bands in close proximity that need to be separated by this method. However, 1stD 

may be useful to investigate the shift of Trp maximum emission (300-400 nm) as result of 

loss of tertiary structure of proteins.  

 

Differentiation methods can introduce noise into the spectrum 57,61,66 which may reduce the 

accuracy of the spectral analysis 57. However, the Savitzky-Golay algorithm allows 

simultaneous smoothing and derivatisation of the spectrum 56,66,81. This method requires 

defining a number of smoothing points prior to the calculation. In this thesis, the derivative 

spectra (1stD and 2ndD) were smoothed from five to 13 points using the Savitzky-Golay 

method. If the spectrum is pre-processed using a low number of smoothed points (i.e. five 

points), the derivative obtained by Savitzky-Golay is not better that the original spectrum. In 

contrast, if the spectrum is pre-processed using a high number of smoothed points (i.e. 13 

points), the derivative obtained by Savitzky-Golay may loose relevant information from the 

original spectrum 143. This was in agreement with the results obtained in this thesis where the 

2ndD spectrum, smoothed in 13 points, showed to decrease the absorbance intensity at 1654 

cm-1 and loss the shape of the original spectrum of amide I band (Figure 2.15). These results 

indicate that this spectrum was over-smoothed. In contrast, spectral noise was reduced for 

spectra smoothed in five points which indicates that additional smoothing points may be 

necessary to reduce the remaining spectral noise. From these results, the 2ndD spectrum 

smoothed in 9 or 11 points could be the best alternative because the corrected spectrum kept 

the relevant information of the original spectrum whilst giving smoothed bands. This was in 

agreements with Rinnan et al. (2009) whom reported than spectra pre-processed using 2ndD 

may be smoothed using 7 to 11 points to obtain more linear regressions models than using 
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higher or lower smoothing points 130.Similar results were found for 1stD spectrum smoothed 

using the Savitzky-Golay method. Spectra smoothed in 13 points were over-smoothed and 

spectra smoothed in five points showed residual spectral noise (Figure 2.14). From these 

results, it seems that using a 1stD (Savitzky-Golay with 9 or 11 points smoothing) should give 

a better signal. Near-IR spectra pre-processed by 2ndD (Savitzky-Golay with seven to 15 

points smoothing) reduced the spectral noise more for protein spectra smoothed using a high 

number of smoothing points  130. 

 

Spectra pre-processed using the 1stD of amide I band cannot be used to separate hidden bands 

which made this method less useful than 2nd D to investigate the secondary elements (i.e. α-

helix and β-sheet structures). However, using the 1st D spectrum was useful to identify the 

peak position of the amide I band which crossed the X-axis at zero. The peak position for 

native BSA (1654.9 ± 0.0), 50% native BSA (1652.9 ± 0.0) and heat-denatured BSA (1649.1 

± 1.93) were not shifted when the 1stD smoothed in 11 points was applied to those spectra. 

This means that using the 1stD is a good method to investigate the peak position of the amide 

I band. 

 

In previous reports, the 2ndD method has been used in combination with BC and AN to obtain 

information about the secondary structure of proteins. The combination of those techniques 

(i.e. 2nd D, BC and AN) improved the comparison of the principal peaks used to investigate 

protein physical stability by FTIR spectroscopy (i.e. α-helix and β-sheet structures) 131. This 

was in agreement with results shown in Figure 2.16. However, the combination of 2nd D, BC 

and AN methods involves extra pre-processing steps which could be time consuming and 

may increase the possibility of error as a result of manipulation of the data set. Spectra of 

native BSA, 50% native BSA and heat-denatured BSA were investigated using 2nd D, BC and 

AN of the amide I band (Figure 2.17). The combination of those methods (i.e. 2nd D, BC and 

AN) showed clearly a decrease in the intensity in the α-helix band (i.e. 1654 cm-1) and the 

presence of intermolecular β-sheets (i.e. 1610-1630 cm-1) 47,64 attributed to the loss of 

secondary structure. Other derivative techniques are gap derivative and gap segment. These 

techniques calculate the difference between nearby points which may increase the noise in 

the corrected spectrum 143. The derivative spectra obtained using the Savitzky-Golay method 

must contain less noise than derivative spectra pre-processed using gap derivative or gap 

segments methods. However, peak position of the principal bands must be similar for 

derivative spectra obtained using Savitzky-Golay or gap derivative and gap segment methods.  
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MSC and SNV are mathematically connected methods which transform the original spectrum 

giving apparently similar spectra 66,145,149. This was in agreement with our results were pre-

processed spectra using MSC and SNV looked similar as shown Figures 2.18(B) (MSC) vs. 

2.20(B) (SNV) for FTIR spectra and, Figures 2.19(B) (MSC) vs. 2.21(B) (SNV) for 

fluorescence spectra. However, the principal difference between MSC and SNV is that the 

SNV method scaled each individual spectrum from (-) 2 to (+) 2, the data set is centred at 

zero and the calculation of the mean spectrum is not required 66.    

 

MSC method can correct the spectrum for additive effects (i.e. amplification and light 

scattering 66,150) and multiplicative effects (i.e. offset shifts and chemical effects 81) and 

changes in the path lengths 147,150. The success of using MSC as pre-processing method 

depends on how well the calculated mean spectrum represents the true mean spectrum. 

Additionally, the accuracy of the mean spectrum may affect the assessment of ( a ) and ( b ) 

coefficients 159. In this Chapter, MSC was used for native BSA, 50% native BSA and 

thermally denatured BSA. These samples show spectral differences which may affect the 

accuracy of the mean spectrum used to estimate ( a ) and ( b ) coefficients. This must be more 

relevant when the MSC method is used to quantify protein structure.  Reports have shown 

that MSC and SNV are suitable pre-processing methods to quantify protein structure using 

PLS regressions in combination with spectroscopy data 122,133.  

 

Spectra pre-processed using MSC and SNV methods were useful to identify the presence of 

the α-helix band (i.e. 1654 cm-1) and intermolecular β-sheets (i.e. 1610-1630 cm-1) attributed 

to loss of secondary structure of heat denatured BSA and the shift in the Trp maximum 

emission from 342 to 334 nm as loss of tertiary structure. However, spectra pre-processed 

using MSC and SNV methods were not BC thus, the differences in the absorbance intensity 

cannot be considered to explain the changes in the secondary or tertiary structure of native, 

50% native and heat-denatured BSA. Moreover, MSC keeps intact the shape of the curve 66 

so that, the MSC pre-processed spectra has similar appearance to the original spectra 81. 

 

Spectra of native, 50% native and heat-denatured protein pre-processed using the MSC and 

SNV methods (Figures 2.18(B) and 2.20(B) respectively) gave similar information than their 

AN spectra (Figures 2.8). A similar tendency was observed for fluorescence spectra pre-

processed using MSC and SNV methods (Figures 2.19(B) and 2.21(B)) where MSC and 

 58 



SNV spectra of native, 50% native and heat-denatured protein showed a blue shift from 

native BSA at 342 nm to heat-denatured BSA at 334 nm. These results were similar than for 

the area normalized spectra of Trp using fluorescence spectroscopy (Figure 2.11). The 

differences in the fluorescence intensity for native, 50% native and heat-denatured protein 

were minimised showing all these spectra at similar intensity. Helland et al. (1995) reported 

than the selection of SNV or MSC as pre-processing methods to reduce light scattering and 

improve linearity did not give considerable differences in the development of linear 

quantification models if SNV or SNV are applied 149. This is in agreement with the results 

obtained in this thesis where similar R2, RMSE values and number of factors explaining the 

PLS regression were obtained for PLS models using FTIR and fluorescence spectroscopy 

(Chapter 3 section 3.3.1).  

 

The pre-processing of FTIR spectra was more complex than for fluorescence spectra. This is 

explained because FTIR spectra required additional subtraction steps (i.e. water and water 

vapour subtraction) than for fluorescence spectra. Moreover, the amide I band of FTIR 

contains hidden bands (i.e. α-helix, β-sheets, turns and disorder structures) that require a 

suitable pre-processing method(s) able to find that hidden bands. According to Militello, et al. 

(2003) it was not possible to distinguish between α-helix and disordered structures at 1650 

cm-1 and spectral modifications in that region are mainly attributed to decrease in α-helix  

structures 160.  

 

Fluorescence spectroscopy of BSA protein was studied at 295 nm to minimise the influence 

of other amino acids (i.e. Tyr and Phe) which make the analysis of changes in the tertiary 

structure of proteins more difficult 24,75,161. Data analysis of fluorescence spectroscopy has 

been reported to be more difficult than for other techniques like Near-IR and FTIR 

spectroscopy due to the Rayleigh scattering effect 136. In this thesis, however, fluorescence 

spectra were shown to have less spectral noise than spectra obtained using FTIR spectroscopy 

so that less pre-processing methods were needed.  

 

This Chapter has covered different pre-processing methods applied to spectroscopy to show 

the information that can be obtained from each of these pre-processing methods to study 

protein structure. As an example, this Chapter demonstrated the influence of different 

smoothing points or derivative methods in the pre-processed spectra and the advantage of 

using different methods to the same spectrum (i.e. 2nd D, BC and AN) to investigate protein 
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structure. The application of these pre-processing methods will be further used to quantify 

protein physical stability using MVA of proteins (Chapter 3). Results obtained in this Chapter 

could be used as a guide for future researchers to identify the most suitable pre-processing 

methods for their spectroscopic analysis. However, different proteins contain different amino 

acid residues and secondary structures. Thus, the information obtained from BSA analysis of 

this Chapter should be adapted for different proteins. 

 

Several authors have described the use of pre-processing methods to improve the qualitative 

and quantitative spectral data analysis obtained using FTIR, Near-IR and Raman 

spectroscopy 119-121,126. However, pre-processing methods are also published for the analysis 

of other analytical techniques like Raman spectroscopy and gas chromatography-mass 

spectrometry 126,136,143. Rinnan et al. (2009) have reported the use of Near-IR spectroscopy to 

investigate protein content in a sugar mixture. Spectra were pre-processed using similar pre-

processing methods than in this thesis (i.e. BC, 1stD and 2ndD, MSC and SNV) and then, pre-

processed spectra were used to quantify protein concentration in the sugar mixture using PLS 

regression. The major differences with this work are that pre-processing techniques were 

applied alone without combination of techniques giving PLS models that need a high number 

of PLS factors to explain the variability of each model (i.e. five to nine factors) 130. Recently, 

Devos et al. (2014) reported that linearity of predicted models improved when pre-processing 

techniques were used in combination (i.e. SNV and normalization and 1st D, SNV and 

normalization) and a proper order of pre-processing methods was used 128 which is in 

agreement with this work.  
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2.5. Conclusions 
FTIR and fluorescence spectra need to be pre-processed to gain information about protein 

structure. However, pre-processing methods must be performed carefully paying attention to 

the changes that occur at each step. The amide I band of proteins, studied using FTIR 

spectroscopy, contains hidden bands in close proximity which make its pre-processing more 

complex than for fluorescence spectra. For FTIR spectroscopy, the most crucial method is the 

background subtraction because water and water vapour signals overlap with the amide I 

band of protein (1700-1600 cm-1). Thus, this pre-processing method is critical to obtain the 

proper protein signal and decreasing the spectral noise. Moreover, the 2ndD of amide I band 

was useful to separate and identify the presence of hidden bands (i.e. α-helix and β-sheet). 

However, spectra of different protein forms (i.e. native BSA, 50% native BSA and thermally 

denatured BSA) were more clearly compared when a combination of pre-processing methods 

was used (i.e. 2nd D, BC and AN).  The optimal number of points for smoothing of FTIR 

spectra of amide I band pre-processed using 2nd D was between 9 and 11 points. Using those 

points of smoothing, the spectral noise was decreased but keeping the peak information in the 

smoothed spectra. The principal information found in the fluorescence spectra using these 

pre-processing methods was the shift in the Trp maximum emission from 342 nm for native 

BSA to 338 nm for thermally denatured BSA which can be studied by 1stD, MSC, SNV and 

the combination of BC and AN methods. 
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Chapter 3: Multivariate analysis for the quantitation of 
changes in native protein concentration in solution using 
FTIR and fluorescence spectroscopy 
 

3.1. Introduction  
Analysis of protein drug physical stability in formulations is an increasingly important area in 

the pharmaceutical sciences 9,13. However, a significant problem when developing new 

biotherapeutics is the poor physical stability of the incorporated protein 114. To achieve a 

product that is stable, biologically effective and safe, incorporated proteins need to maintain 

their conformation (secondary, tertiary and sometimes also quaternary structures) during 

processing, storage and use 9,24,32.  

 

Analytical techniques used to investigate protein structure should ideally be able to detect 

changes from native to partially folded and unfolded structures. Binding assays are used to 

investigate the affinity of proteins to interact with other molecules (i.e. proteins, dyes or 

ligands) giving information about small changes in protein structure as consequence of 

molecular interactions. In these methods, the signal measured is directly proportional to 

concentration 162. Nuclear magnetic resonance and X-ray crystallography have shown to be 

sensitive to investigate the structure of the complex formed between protein and ligands 
163,164. In stability testing, emphasis is placed on the identification and quantification of small 

amounts of non-native protein in the formulation. There are many review articles that 

describe the advantages and limitations of current analytical methods with the general 

consensus that an array of analytical methods is needed to adequately quantify protein 

physical stability in pharmaceutical dosage forms 24,29,49,65,73,75,165. From these reviews, FTIR 

and fluorescence spectroscopy are recognised for their usefulness in determining changes in 

protein secondary and tertiary structure respectively 49,54,165-167.   

 

Traditionally, the amide I band of proteins (determined by FTIR) has been used to study the 

secondary structure using Fourier self deconvolution, spectral derivation, curve fitting 
48,60,65,168-170 and area overlap methods 60,73,167,171. Fourier self deconvolution resolves 

overlapping bands using two parameters, the full width at half-height of the band and the 

resolution enhancement factor K 60,168,170. The main disadvantage of this method is that both 

parameters must be established manually and that it is possible to deconvolute the spectra in 

different ways. In addition, there is a risk that noise can be amplified during data processing 
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60,170,172. Calculation of spectral derivatives, e.g. 2ndD, can also introduce noise but use of the 

Savitzky-Golay algorithm minimises this by allowing calculation of derivatives and 

smoothing of the spectrum, simultaneously 60. Curve fitting is a further method used to obtain 

the number, shapes, positions, widths and heights of several overlapping bands which are 

obtained using fitting of the bands to Gaussian or Lorentzian functions, or a combination of 

these functions. This technique allows calculation of the contributions from each secondary 

structure (e.g. α-helix, β-sheet, turns, random) to the overall amide I band 60,168,169. It is 

suggested that results obtained by curve fitting should be compared with 2ndD and Fourier 

self deconvolution spectra to validate peak positions in the original spectra 60. Finally, the 

area overlap method calculates the common area in the amide I 2ndD spectra between native 

and perturbed protein 60,73,131,167,173. Quantitative change in secondary structure can be derived 

from the linear relationship between the area overlap and concentration of native protein in 

standard solutions.  

 

Protein tertiary structure can be studied using intrinsic fluorescence spectroscopy since many 

proteins contain aromatic amino acids responsible for fluorescence emission: Trp, Tyr and 

Phe 8,69. The intensity and position of the maximum emission depends on how exposed the 

fluorescent amino acids are to the aqueous environment which, in turn, is dependent on the 

protein tertiary structure 8,24,69,75. Excitation of a protein solution at 295 nm allows the study 

of the Trp fluorescence contribution 8,24,75. 

 

MVA has been increasingly used to investigate spectral changes in dosage forms containing 

small molecules 150,174,175 with applications more recently shifting to the study of protein 

structure 176-178. One of the methods used in quantitative MVA is partial least squares 

regression (PLS). This method is used to estimate the best correlation between measured 

variables (e.g. spectra) and sample characteristics (e.g. concentration) 87,88 and to identify 

outliers, trends and grouping within an analytical data set 88. From this information, 

quantitative models are constructed, and these can be used to analyse unknown future 

samples. 

 

In this Chapter, the use of partial least squares models (PLS) with different spectral pre-

processing approaches was investigated to quantify protein physical stability in solution from 

FTIR and fluorescence spectra. Additionally, PLS was compared with traditional methods of 

protein spectroscopy analysis like area overlap (FTIR) and linear regression between 
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fluorescence intensity at the maximum emission wavelength vs. concentration of native 

protein. PLS models were then used to predict native BSA concentrations in heat-denatured 

samples heated at 40°C, 50°C and 60°C.  

 

3.2. Materials and methods 

3.2.1. Materials 
BSA and other chemicals were used as described in Chapter 2 section 2.2.1. 

 

3.2.2.  Preparation of native BSA, heat-denatured BSA and binary 
mixtures of BSA (50% w/w to 100% w/w) 
Solutions of BSA 1% and 5% w/w in distilled water were prepared. Samples were heated at 

90°C for 30 minutes to give heat-denatured BSA while the unheated initial solution 

represented native BSA. The heat-denatured BSA solutions remained clear and the loss of 

BSA monomer was confirmed by SEC (Figure 3.1.). Binary mixtures (w/w) of native and 

heat-denatured BSA solutions were prepared by weighting each solution in an analytical 

balance to obtain the desired (w/w) concentration. These solutions were prepared in triplicate 

over the range of 50% to 100% w/w native BSA.  

 

3.2.3. Size exclusion chromatography (SEC) 
A Shimadzu chromatographic system was used that comprised a LC-10 AT vp liquid 

chromatographic unit, a SIL-10AD vp auto injector unit and a SPD –M10A vp diode array 

detector. The column (BioSep-SEC-S2000, 300 x 7.80 mm) was from Phenonemex 

(Auckland, New Zealand), the chromatograms were recorded at 280 nm with CLASS-VP 

software (version 6.14, Shimadzu, Kyoto, Japan). The mobile phase comprised 50 mM 

phosphate buffer and 150 mM NaCl (pH 6.9) with a flow rate of 0.5 mL min-1 and an 

injection volume of 50 μL was used. Samples were prepared at a total concentration of 100 

μg mL-1 BSA. The mobile phase was degassed by filtration under vacuum and all solutions 

were filtered through 0.45 micron filters (Phenex-RC, Phenomenex) prior to analysis. 

 

A calibration curve for native BSA was prepared from stock solution of BSA 1% w/w in 

triplicate. From this solution, eight aliquots with a volume between 0.01-0.12 mL were 
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separately diluted in 10 mL of phosphate buffer pH 6.9, to obtain eight solutions of BSA, 

with concentrations between 10 and 120 µg mL-1. Absorbance was measured at 280 nm.  

 

3.2.4. Infrared spectroscopy (FTIR) 
FTIR spectroscopy was used as described in Chapter 2 section 2.2.2. 

 

The amide I band of protein spectra (1600-1700 cm-1) was pre-processed by BC, AN, 1stD 

and 2ndD calculation (Savitzky-Golay with 7 and 11 points smoothing) 73,131,137,150, SNV and 

MSC 150 as described in Chapter 2 section 2.1. Additionally, the amide I band was analysed 

using the area overlap method over the range of 50% to 100% w/w native BSA. The area 

overlap calculates the common area between the amide I band of native protein and altered 

protein pre-processed by 2ndD (Savitzky-Golay), BC and AN 60,73,131,167. The area overlap was 

calculated using the following steps: 1) 2ndD of the amide I band was calculated (Chapter 2 

section 2.1.5.) 2) the 2ndD is BC between 1600 and 1700 cm-1 (Chapter 2 section 2.1.2.) and 

is integrated to calculate the area under curve, 3) each spectrum of amide I band pre-

processed using the combination of 2ndD and BC methods was divided by its area under 

curve to normalize the area to 1.00, 4) the altered  protein spectrum (understood as any 

spectrum different from native protein) was subtracted from the native protein spectrum and 

then, the area overlap between those spectra was calculated by integrating the absorbance 

data of each protein solutions 131,167. Using this method similar spectra will have an area 

overlap close to 1 (or 100%) whereas different spectra will have values close to zero 60,167,171. 

A linear model was fitted to the percentage area overlap versus concentration of native 

protein using Origin Lab Corp. Version 8.5. 

 

3.2.5. Fluorescence spectroscopy 
Fluorescence spectroscopy was used as described in Chapter 2 section 2.2.3. Additional to 

the PLS analysis, fluorescence spectra pre-processed by BC and AN were used to estimate a 

linear relationship between the maximum emission wavelength (300-400 nm) and 

concentration of native protein over the range of 50% to 100% w/w native BSA using Origin 

Lab Corp. Version 8.5. 
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3.2.6. Partial least squares (PLS) regression 
The Unscrambler®X was used to build PLS models using the amide I region (1600 -1700 cm-

1) of the FTIR spectra for triplicate mixtures (50 to 100% w/w native BSA). The amide I 

spectra were pre-processed as described above and the triplicate spectra were divided into a 

calibration set (Replicates 1 and 2) and a prediction set (Replicate 3). PLS was then 

conducted using the test set validation method with the non-linear iterative partial least 

squares (NIPALS) algorithm. The X and Y weights were 1.00 and spectra were mean 

centred. The quality of the PLS models was assessed by comparing the number of PLS 

factors, correlation coefficient (R2), root mean square error of calibration (RMSEC) and root 

mean square error of prediction (RMSEP) in the calibration and prediction sets respectively. 

PLS models were built using the lowest number of PLS factors which explained a large 

percentage (70% to 90%) of the total variation of the original data set 179. R2 gave information 

of the goodness of fit of the model where R2 near to 1 or -1 indicates a more linear model 180. 

RMSE is a fit index which calculates the average error between the predicted and measured 

data set 181. Plots of measured versus predicted concentration with 95% confidence intervals 

were used to determine the predictive ability of the models.  

 

3.2.7. Thermal stability of BSA in solution using PLS models 
Three solutions of native BSA (1% and 5% w/w) were heated at 40°C, 50°C and 60°C. 

Aliquots were taken at defined time points and FTIR or fluorescence spectra were measured. 

For FTIR spectroscopy, aliquots were taken over 60 minutes at 10 minute intervals. For 

fluorescence spectroscopy, aliquots were taken over 10 minutes at one minute intervals. 

Additionally, SEC was used as a complementary analytical method. Aliquots (0.1 mL, 1%) 

were taken at 0, 10, 30 and 60 min and diluted in 10 mL phosphate buffer pH 6.9 giving a 

total protein concentration of 100 µg mL-1. SEC chromatograms were measured. Native BSA 

remaining was estimated using a calibration curve of native BSA over the concentration 

range 10 and 120 µg mL-1 (A220 nm = 806*[BSA] µg mL
-1). The calibration curve was linear 

over this range (R2= 0.993).  
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3.2.8. Statistical data analysis to asses protein concentration 
measurements using FTIR and fluorescence spectroscopy and, SEC 
methods  
Protein concentration differences between FTIR and fluorescence spectroscopy and, SEC 

methods were statistically assessed using two different data sets. The first data set included 

protein concentration measurements from the three analysis methods (FTIR, and fluorescence 

spectroscopy, and SEC), at two measurements times (0 and10 min), whereas the second data 

set included results from FTIR spectroscopy, and SEC at reading times of 0, 10, 30, and 60 

min, as described in section 3.2.2.5. For each data set, two nested beta regression models (full 

and reduced) 182 were used to assess whether the analysis method was a significant predictor 

of the protein concentration measurements. Beta regression model were chosen because they 

were specifically developed to deal with data naturally bound between zero and one like 

percentages 182 which is the case in the present data set. The full model explained protein 

concentration (as percentage of the native protein concentration) by i) the analysis method 

(FTIR, and fluorescence spectroscopy, and SEC), ii) time (0-10 min), and iii) temperature 

(40°C, 50°C and 60°C) whereas, the reduced model explained protein concentration by i) 

time (0, 10, 30 and 60 min) and ii) temperature (40°C, 50°C and 60°C). An overall P-value 

for the effect of the analysis method was obtained using a likelihood ratio test, comparing the 

full and reduced models. If the likelihood ratio test was not significant (P > 0.05), both 

models (full and reduced) have the same capacity to predict protein concentration. Therefore, 

the different analysis methods yield similar results. Finally, model over-dispersion was 

estimated using the ratio of Pearson residuals divided by residual degrees of freedom to 

evaluate the assumption that sample repetitions were independent. If the ratio was greater 

than 1.5, robust standard errors were calculated for the adjustment of standard errors using 

the so called ‘sandwich estimator’ to adjust for data correlation 183. Visual inspection of 

residual plots was used to assess any obvious deviations from homoscedasticity.  
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3.3. Results 
SEC confirmed the presence of soluble aggregates (retention time = 11 minutes) and absence 

of monomer BSA in the heat-denatured solutions. Native BSA solutions, in contrast, showed 

the elution of dimers and monomers of BSA at 13 and 14 minutes, respectively (Figure 3.1).  

 
Figure 3.1 Typical example of SEC chromatogram showing the presence of soluble 

aggregates in heat-denatured solution and absence in the native BSA solution. 
Soluble aggregates eluted at 11 minutes while dimers and monomers of native 
protein solution eluted at 13 and 14 minutes respectively. 100% w/w native BSA 
solution (solid line), soluble aggregates of heat-denatured BSA solution (dashed 
line) and binary mixture of 50% w/w native: 50% w/w heat denatured BSA 
solution (dotted line). SEC chromatograms are area normalized.  

 

The typical appearance of the FTIR amide I spectra of native, heat-denatured and 50:50 w/w 

binary mixtures of native:denatured BSA are shown in Figure 3.2(A). First and second 

derivatives calculated using the Savitzky-Golay method with 7 and 11 points of smoothing 

are also shown in Figures 3.2(B)-3.2(E). The 1stD spectrum gives the slope of the curve of 

the amide I band (Figures 3.2(B) and (C)), while the 2ndD represents the rate of change of 

slope and hence gives information of the curvature of the amide I band (Figures 3.2(D) and 

(E)). In the 2ndD spectra, increased denatured BSA was characterised by the decreased 

intensity of the band at around 1656 cm-1, and increased intensity of the band at 1600-1630 

cm-1.   
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Figure 3.2 Typical example of FTIR spectra showing the amide I band for 100% w/w 

native BSA (solid line), heat-denatured BSA solution (dashed line) and 50% 
w/w native BSA in solution (dotted line). Amide I band pre-processed using: 
(A) BC, AN; (B) 1st D(7); (C) 1st D(11); (D) 2nd D(7), BC, AN; (E) 2nd D(11), 
BC, AN. The number in the parenthesis after the pre-processing method 
indicates the number of points of smoothing. Total protein concentration was 
5% w/w.  
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Two main peaks between 1640 and 1670 cm-1 were identified in the 2ndD curve when 7 points 

of smoothing were used, while only one broader peak was observed when 11 points of 

smoothing were used (Figures 3.2(D) and (E)). Stability of the binary mixtures during the 

analysis was confirmed by analysing the 100% native, and 50% w/w native BSA solutions 

following storage at room temperature (RT) for one and seven days (Appendix B.1). 

 

Fluorescence spectra with two different pre-processing methods (BC and combined BC and 

AN) are given in Figure 3.3(A) and (B) and these show a maximum emission around 342 

nm for native BSA in solution which blue-shifted towards 338 nm as the heat-denatured BSA 

content increased. The increased heat-denatured BSA content also resulted in a decreased in 

fluorescence intensity (Figure 3.3(A)).  
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Figure 3.3  Typical example of fluorescence spectra showing Trp emission for 100% w/w 

native BSA (solid line), heat-denatured BSA solution (dashed line) and 50% w/w 
native BSA in solution (dotted line). Trp emission was pre-processed using: (A) 
BC and, (B) AN, BC. Arrows indicate the shift in the maximum emission of Trp. 
Total protein concentration was 1% w/w.  

 

3.3.1.  Partial least square analysis (PLS) 
A summary of PLS regression models derived from FTIR and fluorescence spectra is shown 

in Tables 3.1 and 3.2 respectively. These models were built using a combination of pre-

processing techniques which aimed to reduce noise while preserving meaningful spectral 

variation, thereby maximising the quality of the regressions. The best model for each 

spectroscopic method was chosen on the basis of the number of PLS factors, percentage of 

error (RMSE %) and R2 values and are described in the following sections.  
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Table 3.1 Partial least squares analysis of FTIR amide I spectra. Total BSA concentration 
was 5% w/w, percentage native BSA was 50% to 100% w/w. (n=3).  

Pre-processing 
method 

Factors 
 

Calibration (12 spectra) Prediction (6 spectra) 
RMSE% R2 RMSE% R2 

BC, AN 3 3.46 0.959 1.97 0.987 

SNV 3 1.47 0.992 5.41 0.899 

MSC 3 1.47 0.992 5.46 0.898 

1st D(7) 3 2.89 0.971 2.15 0.909 

1stD(11) 3 3.42 0.960 5.64 0.891 

2ndD(7), BC, AN 

2ndD(11), BC,AN 

3 

3 

1.35 

0.91 

0.993 

0.997 

3.25 

1.64 

0.964 

0.991 

RMSE% = Root mean square error 
R2 = Correlation coefficient 
BC, AN: Baseline correction and area normalization 
SNV: Standard normal variate 
MSC: Multiplicative scatter correction 
1st D (7): First derivative (smoothed 7 points) 
1st D (11): First derivative (smoothed 11 points) 
2ndD (7), BC, AN: Second derivative (smoothed 7 points) 
2ndD (11), BC, AN: Second derivative (smoothed 11 points) 
 
 
Table 3.2 Partial least squares analysis of fluorescence emission spectra. Total BSA 
concentration was 1% w/w, percentage native BSA was 50% to 100% w/w. (n=3).   

Pre-processing 
method 

Factors 
 

Calibration (12 spectra) Prediction (6 spectra) 
RMSE% R2 RMSE% R2 

BC 2 1.00 0.997 0.87 0.997 

BC, AN 1 1.38 0.993 1.32 0.994 

SNV 1 1.42 0.993 1.05 0.996 

MSC 1 1.42 0.993 1.06 0.996 

RMSE% = Root mean square error 
R2 = Correlation coefficient 
BC: Baseline correction 
AN: Area normalization 
SNV: Standard normal variate 
MSC: Multiplicative scatter correction 
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3.3.2.  FTIR spectra (amide I) model 
A summary of the PLS models from FTIR spectra is given in Table 3.1. Both the SNV and 

MSC pre-processing resulted in improved models compared with BC, AN amide I spectra. 

SNV and MSC models explained the variability of the data set using similar number of PLS 

factors (i.e. three factors) but gave lower root mean square error (RMSE) and improved R² 

(i.e. nearer to one) in the calibration and prediction sets compared with BC, AN amide I 

spectra. The 1stD spectra gave little or no improvement in the value of RMSE and R2 values 

for calibration and prediction set over the AN amide I band while 2nd D provided the best 

PLS model. The model constructed using 2nd D with 7 points smoothing was similar in terms 

of PLS factors, R2 and RMSEC and RMSEP to the models with SNV and MSC pre-

processing, whereas the model constructed from 2nd D with 11 points smoothing gave the 

greatest improvement with three PLS factors; RMSE= 0.91% and 1.64% and R2= 0.997 and 

0.991 for the calibration and prediction sets respectively. Scores and loadings plots for the 

model constructed from 2nd D and 11 points smoothing are given in Figures 3.4(A) and (B). 

The scores plot shows that samples increasing in native BSA content tend to be aligned along 

the factor 1 axis (Figure 3.4(A)). Loadings plots (Figure 3.4(B)) for factor 1 showed a 

negative peak at 1651-1662 cm-1 and a positive peak at 1612-1625 cm-1.  Factor 2 showed a 

positive peak at 1610-1624 cm-1, and a negative peak at 1651-1660 cm-1. Factor 3 (not 

shown) improved the quality of the model. Figure 3.4(C) shows the agreement between the 

standard concentration and predicted concentration with R2 of 0.997 and 0.991 for the 

calibration and prediction sets respectively (Table 3.1).   
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Figure 3.4 Typical example of FTIR spectra of amide I band pre-processed using 2nd D(11), 

BC, AN: (A) Scores plot, (B) Spectra of 100% w/w native BSA (solid line) and 
50% w/w native BSA (dashed line) and loadings plots (Factors 1 and 2) and (C) 
Standard concentration () versus predicted () concentration. 95% confidence 
limits and prediction limits for the validation standards are shown as dashed and 
dash-dot-dash lines respectively.  
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Changes in the secondary structure of protein were also quantified using the area overlap 

method (Figure 3.5). These results showed that the area overlap decreased from 1.00 to 0.82 

when the binary mixture concentration was changed from 100% native to 50% w/w native 

BSA (Appendix B.2). The percentage area overlap versus native concentration showed a 

linear fit which gave a slope of 0.368 ± 0.03 and intercept of 0.630 ± 0.02 (R2 of 0.973) 

(Appendix B.3). 

 
Figure 3.5 Typical example of amide I band showing the area overlap (straight line) 

between native BSA (dashed line) and 50% w/w native BSA (dotted line). 
Spectra were pre-processed using 2ndD (11), BC, AN.  

 

3.3.3.  Fluorescence spectra model 

A summary of the PLS models for intrinsic Trp fluorescence is shown in Table 3.2. SNV, 

MSC, and the combined BC and AN, pre-processing gave an improved analysis compared 

with spectra using BC pre-processing alone. The model constructed from BC and AN spectra 

gave the greatest improvements with one PLS factor explaining the 99% of the spectra 

variability, RMSE% = 1.38% and 1.32% and R2 of 0.993 and 0.994 for the calibration and 

prediction respectively. Scores and loadings plots are given for this model in Figure 3.6(A) 

and (B). The scores plot shows that samples increasing in native content were aligned along 

the Factor 1 axis representing the shift in the maximum emission (Figure 3.6(A)). The 

loadings plot (Figure 3.6(B)) showed a negative region between 315 and 327. Figure 3.6(C) 

showed good agreement between the standard concentration and predicted concentration with 

R2 of 0.993 and 0.994 for the calibration and prediction sets respectively.  
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Figure 3.6 Typical example of fluorescence spectra of Trp emission pre-processed using 

BC and AN: (A) Scores plot, (B) Spectra of 100% w/w native BSA (solid line) 
and 50% w/w native BSA (dashed line) and loadings plots (Factor 1) and (C) 
Standard concentration () versus predicted () concentration. 95% 
confidence limits and prediction limits for the validation standards are shown 
as dashed and dash-dot-dash lines respectively.  
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Additional to the PLS analysis, changes in the tertiary structure of BSA were quantified using 

a linear relationship between fluorescence intensity at the maximum emission wavelength vs. 

concentration of native protein (100% native to 50% w/w native) which resulted in an R2 

value of 0.860, a slope of 91.7 (46.4 – 137.0) and an intercept of 69.7 (34.9 – 104.6) with 

95% confidence limits (Appendix B.4). 

 

3.3.4. Stability of BSA in solution using FTIR and fluorescence PLS 
models 
In an independent experiment, the FTIR and fluorescence PLS models were used to predict 

the loss of native protein in solutions heated at 40°C, 50°C and 60°C. Spectra were pre-

processed according to the best PLS models described above: 2ndD (11 points smoothing), 

BC and AN (FTIR) (Figure 3.7(A)) and, BC and AN (fluorescence) (Figure 3.7(B)). In the 

case of FTIR spectroscopy, changes in the secondary structure of BSA were measured over 

60 minutes. At 60 minutes, the PLS model predicted that the native structure of BSA was 

reduced to 92% ± 1.3% and 58% ± 4.1% in solutions heated at 40°C and 50°C respectively. 

Solutions heated at 60°C showed reduction in native BSA to less than 50% in 10 minutes. 

Using fluorescence spectroscopy, solutions heated at 40°C did not show considerable change 

in the native BSA concentration during the first 10 minutes whereas samples heated at 50°C 

and 60°C showed a reduction in the native concentration of protein to 84% ± 2.6% and 54% 

± 5.0%, respectively within 10 minutes. 
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Figure 3.7 Prediction of loss of native concentration of BSA in solutions heated at 40°C (), 

50°C () and 60°C (). (A) Spectra were pre-processed using 2nd D(11), BC, 
AN (FTIR spectroscopy) and (B) BC, AN (fluorescence spectroscopy) (mean ± 
s.d.).  

 
 
SEC confirmed the reduction of native BSA concentration in solutions heated at 40°C, 50°C 

and 60°C for one hour. Using SEC chromatography, solutions heated at 40oC did not show 

significant changes in the native BSA concentration during the first 10 minutes whereas 

samples heated at 50°C and 60°C showed a reduction in the native concentration of protein to 

83% ± 0.7% (50°C) and 53% ± 2.0% (60°C), respectively within 10 minutes. At 60 minutes, 

SEC detected that native structure of BSA was reduced to 97% ± 2.3% (40oC), 71% ± 0.5% 

(50°C) and 25% ± 1.2% (60°C) in solutions held at 40°C, 50°C and 60°C respectively 

(Figure 3.8). A comparison of the native BSA concentration predicted using PLS models 

(FTIR and fluorescence) and SEC methods is shown in Table 3.3. 
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Figure 3.8 SEC chromatography results showing the prediction of loss of native 

concentration of BSA in solutions heated at 40°C (), 50°C () and 60°C (). 
(mean ± s.d.).  

 
 
Table 3.3 Comparison of native BSA concentration (%) in solutions heated at 40°C, 50°C 
and 60°C using PLS regression (FTIR and fluorescence spectroscopy) and SEC results. 
(n=3). (Mean ± S.D).  

Time 
(min) 

Temperature 

(°C) 
Native BSA concentration (%) 

PLS – FTIR PLS – 
Fluorescence 

SEC 

0 40 
 

50 
 

60 
 

100 ± 4.1% 
 

100 ± 1.7% 
 

99 ± 3.7% 

93 ± 2.5% 
 

96 ± 5.5% 
 

93 ± 3.2% 

98 ± 2.9% 
 

98 ± 2.9% 
   

98 ± 2.9% 
 

10 40 
 

50 
 

60 
 

95 ± 1.9% 
 

81 ± 4.2% 
 

48 ± 3.1% 

92 ± 0.6% 
 

84 ± 2.6% 
 

54 ± 5.0% 

97 ± 3.0% 
 

83 ± 0.7% 
 

53 ± 2.0% 

30 40 
 

50 
 

60 
 

91 ± 2.7% 
 

67 ± 6.6% 
 

39 ± 0.8% 

- 
 
- 
 
- 

97 ± 0.5% 
 

77 ± 3.4% 
 

36 ± 0.9% 

60 40 
 

50 
 

60 
 

92 ± 1.3% 
 

58 ± 4.1% 
 

33 ± 0.9% 

- 
 
- 
 
- 

97 ± 2.3% 
 

71 ± 0.5% 
 

25 ± 1.2% 
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3.3.5. Statistical analysis to compare protein concentration 
measurements using FTIR and fluorescence spectroscopy and, SEC 
methods 
Results from the regression analysis for the first and second data sets are presented in Table 

3.4 and 3.5, respectively. All fitted models were over-dispersed; therefore ‘sandwich 

estimators’ were used to correct biased standard errors (SE). The visual inspection of residual 

plots from final models did not reveal any obvious deviations from homoscedasticity 

(Figures 3.9 and 3.10). Non-significant differences were observed at the comparison of full 

and reduced models. In particular, the likelihood ratio test yielded P - values of 0.06 and 0.94 

for the comparison of nested models in the first and the second data sets, respectively (Tables 

3.6 and 3.7). These results indicate that the analysis method was not a significant factor 

explaining the observed differences in protein concentration. Therefore after controlling by 

the temperature effect, FTIR and fluorescence spectroscopy, and SEC methods were able to 

measure equivalent protein concentrations in the period between 0 and 10 minutes (data set 1 

included protein concentration measurements from the three analysis methods (FTIR, and 

fluorescence spectroscopy, and SEC), at two measurements times (0 and 10 min)). Similarly, 

FTIR spectroscopy and SEC methods were able to measure equivalent protein concentrations 

in the period between 0 to 60 minutes (data set 2 included results from FTIR spectroscopy, 

and SEC at reading times of 0, 10, 30, and 60 min). 

 

 

 

 80 



Table 3.4 Beta regression analysis table for the full and reduced model of the first dataset, 
representing protein concentration measurements from the three analysis methods (FTIR, and 
fluorescence spectroscopy, and SEC), at two measurements times (0 and10 min) 

Full Model Estimate SE z P-value 
(Intercept) 2.23563 0.33247 6.7244 1.76 x10-11 
Protocol FTIR 0.09842 0.05802 1.6964 0.090 
Protocol SEC 0.22068 0.12264 1.7994 0.072 
Time -0.0852 0.00888 -9.5894 2.2 x10-16 
Temperature -0.0226 0.00661 -3.4253 0.001 
     
Reduced model     
(Intercept) 2.37124 0.32635 7.2659 3.71 x10-13 
Time -0.0866 0.00935 -9.2539 2.20 x10-16 
Temperature -0.022 0.00713 -3.0888 0.002 

 
 
 
Table 3.5 Beta regression analysis table for the full and reduced model of the second dataset, 
representing protein concentration measurements from FTIR spectroscopy, and SEC, at 
reading times of 0, 10, 30, and 60 min 

Full Model Estimate SE z P-value 
(Intercept) 2.50537 0.43216 5.7973 6.74x10-09 
ProtocolSEC -0.008 0.12303 -0.0653 0.948 
Time -0.0196 0.00327 -5.9899 2.10 x10-09 
Temperature -0.0308 0.01011 -3.0453 0.002 
     
Reduced Model     
(Intercept) 2.50145 0.42897 5.8313 5.50 x10-09 
Time -0.0196 0.00327 -5.9944 2.04 x10-09 
Temperature -0.0308 0.01011 -3.0465 0.002 
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Figure 3.9 Residual plot full model beta regression analysis for the first data set, 

representing protein concentration measurements from the three analysis 
methods (FTIR, and fluorescence spectroscopy, and SEC), at two 
measurements times (0 and 10 min) 
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Figure 3.10 Residual plot full model beta regression analysis for the second data set, 

representing protein concentration measurements from FTIR spectroscopy, 
and SEC, at reading times of 0, 10, 30, and 60 min 

 
 
Table 3.6 Likelihood ratio test results for the first data set assessing differences in the 
prediction of native protein concentration between two nested beta regression models (full vs. 
reduced) 

Model #Df LogLik Df Chi2 P-value 
Full 6 145.64    

Reduced 4 142.84 -2 5.5918 0.06106 
Full model: analytical method (SEC, FTIR and fluorescence spectroscopy), time (0-10 min) 
and temperature (40, 50 and 60°C). Reduced model: time (0 and 10 min) and temperature 
(40, 50 and 60°C). Df: degrees of freedom. 
 
 
 
Table 3.7 Likelihood ratio test results of the second data set assessing differences in the 
prediction of native protein concentration between two nested beta regression models (full vs. 
reduced) 

Model #Df LogLik Df Chi2 P-value 
Full 5 107.90    

Reduced 4 107.89 -1 0.006 0.938 
Full model: Analytical method (FTIR spectroscopy and SEC), time (0, 10, 30, and 60 min) 
and temperature (40, 50 and 60°C). Reduced model: time (0, 10, 30, and 60 min) and 
temperature (40, 50 and 60°C). Df: degrees of freedom. 
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3.4. Discussion 
 
PLS regression has a potential advantage over conventional univariate analytical techniques 

because the complete spectral region of interest can be included in the analysis. In this study 

the amide I band from FTIR spectroscopy and the emission spectra from fluorescence 

spectroscopy were used for the analysis. A decreased intensity of the α-helix band at around 

1656 cm-1, and increased intensity of the β-sheet band at 1600-1630 cm-1 may confirm the 

presence of unfolded or aggregated BSA in the binary mixtures 24,35,48,60. Spectroscopy was 

used in combination with PLS since these methods are commonly used to investigate 

secondary and tertiary structure of proteins 49,54,165-167. Literature also showed that 

spectroscopy was useful to estimate protein concentration using methods like curve fitting, 

area overlap and deconvolution (for FTIR spectroscopy) 48,60,65,73,168,170 and, linear regression 

between the maximum emission of fluorescence spectroscopy and protein concentration (for 

fluorescence spectroscopy) 69. The models showed that PLS regression could be applied 

rapidly for the analysis of protein physical stability in pharmaceutical processing as there is 

no need for additional sample preparation.  

 

The stability study of 100% native, and 50% w/w native BSA solutions using FTIR 

spectroscopy showed that binary mixtures of native and heat-denatured BSA had sufficient 

stability at room temperature to be used as analytical standards in this work and the thermal 

denaturation process (90oC for 30 min) was not reversible after one week (Appendix B.1). 

The result of the stability study was in agreement with previous reports showing that protein 

aggregation caused by increased temperature is an irreversible process 32,184. This study also 

confirm that the experimental conditions used in this work to obtain heat-denatured protein in 

solution are useful to investigate protein thermal stability in solution 168. The stability study 

showed that the secondary structure of native BSA was stable for one week in BSA solutions 

stored at room temperature. This is in agreement with standard specifications for proteins in 

accelerated stability test where proteins must keep stable their native conformation in the 

desired formulation (i.e. liquid or freeze dried formulations) for protein samples stored at 

40°C 32.   

 

In addition to area overlap, protein thermal stability could be investigated using curve fitting 

and fourrier self deconvolution techniques which gave information about the contribution of 

each secondary elements (mainly α-helix and β-sheet) to the overlapping amide I band 
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48,60,168. The use of those methods in combination with spectroscopy have investigated the 

loss of native protein conformation which is associated to decrease in α-helix and increase in 

β-sheet content. The values of α-helix and β-sheet bands obtained using curve fitting and 

fourier self deconvolution techniques are reported to be in good agreement with reference 

values 43,63,178,185,186. Based on those results, the physical stability of binary mixtures used in 

this Chapter (i.e. 100% w/w to 50% w/w native BSA) could be used to investigate whether 

PLS regression in combination with FTIR spectra pre-processed using curve fitting and fourier 

self deconvolution methods gave a more robust model than the PLS models obtained in this 

thesis (Table 3.1). In this thesis, PLS models were compared with univariate regressions 

obtained using traditional methods of protein spectroscopy analysis such as area overlap 
60,73,131,167,171 (FTIR), and linear regression between fluorescence intensity at the maximum 

emission wavelength vs. concentration of native protein. It can be concluded that in contrast 

to PLS, the area overlap method showed poorer linear fit between area overlap and native 

protein concentration (R² = 0.973 compared with 0.997 for PLS). This may be explained 

because PLS includes the information of multiple variables (i.e. whole data set) to build the 

regression models whereas, univariate regressions (e.g. the value of area overlap (from one to 

zero) vs. concentration) only consider one variable. As more variables were taken to build the 

PLS models, the error was reduced giving a higher value of R² 187. Similar conclusions were 

obtained when fluorescence spectra where analysed by linear regression between 

fluorescence intensity at the maximum emission (R² = 0.860 compared with 0.993 for PLS 

models). From these results, PLS appears to provide a good method for quantification of BSA 

physical stability in solution. PLS has shown utility in other applications involving 

quantitative analysis of spectral data 87,88. Gabrielsson et al. (2002) reported the advantage of 

including the use of MVA in the development of pharmaceutical products where MVA may 

optimise the elaboration of pharmaceutical products from the experimental design to process 

control 87. In this work, PLS regression was used in combination with FTIR and fluorescence 

spectroscopy to quantify protein concentration. These results showed that PLS could be used 

as an alternative method to assess protein concentration during protein drugs analysis. The 

best model describing BSA native conformation using FTIR spectra was obtained using a 

similar pre-processing sequence as the traditional area overlap method (i.e. 2ndD, BC and AN 

of the amide I band). Hence, PLS using the 2ndD spectra could be considered an extension of 

an already accepted analytical technique.  
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In this study, the 2ndD was calculated using the Savitzky–Golay algorithm with a second 

degree polynomial and seven or eleven points smoothing 145. The number of smoothing 

points selected in this thesis to build the PLS regression models were in agreement with the 

number proposed by Rinnan et al. (2009) 130. Using eleven points smoothing (i.e. five points 

either side of the smoothed point) reduced the spectra noise while still maintaining the key 

differences between native and denatured spectra. The resulting models produced the better 

quality of regression parameters when compared with spectra smoothed using seven points 

(e.g. higher R2 and lower RMSE) (Table 3.1). Although use of fewer smoothing points is 

appropriate for detection specific secondary structures of amide I band (i.e. α-helix, turns, 

random and β-sheet) in traditional amide I band analysis this work has shown that 

simplifying the 2ndD spectra allowed the construction of the best PLS model.  

 

Other MVA methods have been used to study the accuracy in secondary structure 

determination using different model proteins 176-178,188 where a variety of  MVA methods 

have been investigated including multivariate curve resolution-alternating least squares 

(MCR-ALS) analysis 177, projection to latent structure discriminant analysis (PLS-DA) 176, 

and interval partial least squares (iPLS) methods 178. Direct comparison with this work is 

difficult since in those studies, MVA was used to study the accuracy in the secondary 

structure determination whereas PLS was investigated as a possible method to quantify 

changes in native protein concentration in aqueous solutions. However, a general agreement 

with this work is the application of MVA methods to investigate protein secondary structure. 

In this Chapter, native protein concentration was calculated using PLS regression in 

combination with spectroscopy. Recently, diverse work has investigated the application of 

PLS regression to assess protein concentration using near infrared and FTIR spectroscopy. In 

these examples, PLS regressions have shown a good fit, which is explained by a high number 

of variables present in the model, allowing a more robust prediction 62,189-191. MCR-ALS, 

PLS-DA or iPLS have shown their application to investigate secondary structure 

determination of proteins in solution. Therefore, those methods could be use to quantify 

native protein concentration as an alternative method to the PLS regression used in this work.  

 

Loadings plots were used to identify spectra features within the amide I band that 

corresponded to each significant PLS factor. The first factor showed a negative peak at 1651-

1662 cm-1 which probably reflected decreased α-helix content and a positive peak at 1612-

1625 cm-1 corresponding to increased intermolecular β-sheet or aggregate content 48. Factor 2 
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showed a positive peak at 1610-1624 cm-1, and a negative peak at 1651-1660 cm-1 which may 

correspond to amide I regions where maximum differences exist between the native and 

denatured spectra. Factor 3 was difficult to attribute directly to any specific spectral modes. 

In the case of fluorescence spectra, the loadings plots (Figure 3.6(B)) showed a negative 

region between 315-327 nm that was interpreted as modifications in the tertiary structure of 

the protein as a consequence of Trp exposure to a less polar environment in aggregates. 

 

A limitation of this study was that only one model protein (BSA) was investigated where 

small shifts in α-helix and β-sheet bands are an indication of protein unfolding. In order to 

avoid over-fitting the model to the data, the lowest number of PLS factors was chosen. 

Loadings plots were used to verify that each factor explained a specific structure of the 

protein (e.g. α-helix or β-sheet) and also to assess whether the PLS factor corresponded to 

noise. Using these critera the number of PLS factors was minimised to obtain the best model. 

Another criterion used to build the model was the identification and the study of each 

possible outlier. Outliers may adversely affect the models and thus should be removed if this 

is the case 192. Detection of outliers and their influence on the models is relatively 

straightforward through inspection of, for example, the scores, residual and prediction plots. 

Outliers, however, were not found in the PLS models constructed in this work. 

 

The developed models were used to predict the loss of native protein in samples heated at 

40°C, 50°C and 60°C. The main consideration was that the models were built using protein 

concentrations between 100% native to 50% w/w native BSA; so the prediction of native 

protein concentration can only be made within this range. As an example, the change in 

native protein concentration at 60°C over 60 minutes was outside the concentration range of 

the models and PLS regression models can not be used to predict those protein 

concentrations. The concentration range (i.e. 100% native to 50% w/w native BSA) was 

chosen because it represents the early stage of protein degradation and hence could be applied 

to stability testing in protein pharmaceuticals where the loss of 5 to 10% protein native 

structure may represent the product shelf-life. Samples for fluorescence spectroscopy were 

taken over the first ten minutes to determine if the tertiary structure was altered, then the 

sample time for FTIR was extended to over 60 minutes. It was expected to see changes in the 

tertiary structure of protein earlier than for the secondary structure. For that reason, 

fluorescence studies were limited to 10 minutes only while FTIR spectroscopy was 

investigated for 60 minutes. The predicted concentration of native protein using the FTIR 
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model was lower than using the fluorescence model. This could be explained by FTIR 

spectroscopy detecting changes in the secondary structure of proteins which also involve the 

loss of tertiary structure whereas fluorescence spectroscopy detects only changes in the 

tertiary structure 60,69,150. Small changes in secondary structure may occur which, at least at 

first, are not sufficiently large or at a sufficiently influential location, to make a change in 

tertiary structure energetically favourable. A further difference was that total protein 

concentrations were different in FTIR (5% w/w) and fluorescence (1% w/w) studies and this 

could also affect the rate of physical degradation 193. However, protein concentration 

predicted using FTIR and fluorescence models (t=0 and 10 min) were not significantly 

different to protein concentration obtained using SEC as shown by the statistical analysis (P > 

0.05). Similarly, the comparison of protein concentration measurements using FTIR 

spectroscopy or SEC methods did not render significant difference (P > 0.05), when further 

measurements times were considered (0, 10, 30, and 60 min). 
 

Solutions incubated at 40°C and analyzed using fluorescence spectroscopy did not show 

changes during the first 10 minutes suggesting protein loss of BSA tertiary structure occurs 

slowly at this temperature. Longer incubation times could be used to investigate physical 

degradation at this temperature. In fact, samples heated at 40°C for 60 minutes showed only a 

small loss of BSA using FTIR spectroscopy with 92% ± 1.3% native structures remaining at 

60 minutes (Table 3.3). SEC was used to experimentally verify the accuracy of the predicted 

native BSA concentrations in the heat-denatured solutions using PLS models. Moreover, SEC 

results were in agreement with previous reports where SEC has been used to identify and 

characterize soluble aggregates of BSA in solution 24,75,194,195. SEC results showed a good 

match between the estimated concentrations given by each spectroscopy technique (i.e. FTIR 

and Fluorescence) at 40°C, 50°C and 60°C within the first 30 minutes (Figure 3.7 and 3.8 

and, Table 3.3). At 60 minutes, there were differences in the percentage of native BSA 

remaining at 50 and 60ºC between FTIR and SEC experiments. These differences may reflect 

the different physical properties being measured by each technique as FTIR showed changes 

in secondary structure whereas SEC showed aggregation to higher order aggregates. 

Additionally to FTIR and fluorescence spectroscopy, MVA has been used in combination to 

other analytical techniques like near infrared spectroscopy 196, circular dichroism 

spectroscopy 178, mass spectroscopy 196 and x-ray spectroscopy 197 to investigate the 

application of those analytical techniques and MVA in the quantification of protein 

concentration. In those reports, the combination of analytical techniques and MVA was 

 88 



useful to quantify complexes data sets, to control confounding factors and to visualize the 

relationship between more than two variables at the same time. 

 

In order to estimate PLS models for other proteins, it will be necessary to obtain protein 

specific FTIR or fluorescence spectra and to develop new models that explain physical 

stability for the protein in question. Once the model is established, the analysis of stability of 

the studied samples is relatively rapid since FTIR and fluorescence spectra can be measured 

without sample processing.  For analysis of protein degradation by other stresses it may be 

necessary to select different conditions to produce the denatured standard as this sample 

should reflect the most likely pathway of protein physical degradation in the samples of 

interest. In this example, heat-denatured BSA was used so that the effect of heat on the 

stability of protein solutions could be investigated. A further development of this approach 

could be to investigate the effect of different stress conditions like exposure to solvents, 

changes in pH, shaking, homogenisation, pressure or other conditions to determine whether 

these stress conditions produce similar irreversible aggregates as those formed at high 

temperature (90oC for 30 min) 32,194,195 or whether different conditions are needed to produce 

appropriate denatured standards.  

 

Results from the beta regression analysis showed that the analysis method was not a 

significant factor explaining the observed differences in protein concentration. In particular, 

in the first data set the full model rendered non significant differences (P >0.05) between the 

three analytical method under assessment. Additionally, the comparison of the full model 

with a reduced version, where analytic methods were excluded, render a similar ability of 

both model to predict protein concentration. Similar results were observed during the analysis 

of the second dataset. These results suggest that the three methods are able to measure similar 

protein concentration during the period time under analysis, therefore the use of any of them 

should generate similar results. Traditional statistical techniques such as ANOVA or liner 

regression were not used to investigate significant differences between native protein 

concentration predicted by analytical methods (i.e. FTIR and fluorescence spectroscopy and, 

SEC) because despite of the use to several methods for data normalization, the dependent 

variable (protein concentration) remained not-normally distributed, violating one of the basic 

assumptions of frequentist statistics. Beta regression models represent an alternative for the 

analysis of variable that are naturally bound between the zero and one interval, as 

concentration. In recent years, this approach has been recommended over traditional data-
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normalization approaches because data involving proportions or percentages are naturally 

heteroskedastic and they are commonly asymmetric. Thus interval estimation and hypothesis 

testing tend to be inaccurate when the sample size is small 182.  
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3.5. Conclusions 
 

PLS in conjunction with spectroscopy (FTIR and fluorescence) was suitable to quantify 

physical stability of BSA with potential application in protein drug formulation. However, 

FTIR and fluorescence spectra must be pre-processed to reduce noise in the spectra and 

improve PLS parameters. In the case of FTIR, the best model was obtained with 2ndD, BC 

and AN of amide I (1600-1700 cm-1) using three PLS factors, and resulted in 0.91% of error 

and an R2 of 0.997. In the case of intrinsic Trp fluorescence, the best model was obtained 

after BC and AN of Trp emission (300-400 nm) using one PLS factor, and resulted in 1.38% 

of error and an R2 of 0.993. PLS models appear suitable to quantify changes in native protein 

concentration in reasonably simple solution formulations while application to more complex 

formulations warrants future investigation. 

 91 



Chapter 4: The effect of the presence of heat-denatured 
protein on protein interfacial stability 
 

4.1. Introduction 
Stability of protein structure is relevant in the pharmaceutical industry since protein drugs 

have to maintain their native structure to achieve products that are stable, biologically 

effective and non-immunogenic 99. Protein physical stability is reported to be affected by 

adsorption to interfaces (i.e. solid-liquid, liquid-liquid and air-liquid interfaces) within 

pharmaceutical dosage forms 89,90 where intrinsic characteristics of the protein, interface and 

the solvent systems that comprise the dosage form may influence the rate and extent of loss 

of native protein. Proteins contain polar and non-polar regions which confer solubility, 

amphiphilic character and surface activity 90. Surface activity appears to be an important 

determinant of a protein’s susceptibility to aggregate at the interface and may be affected by 

intrinsic properties of the protein such as molecular weight 93, flexibility 89,116,198, size 101,116, 

concentration 101, charge 89,116, stability of the native structure 93,116, hydrophobicity 93,116 and 

isoelectric point (pI) 89,103. Proteins of high MW (i.e. BSA), flexible or prepared at high 

concentrations may adsorbed faster to the oil-water interface than smaller proteins, less 

flexible or prepared at lower concentrations. Moreover, hydrophobic proteins may adsorb 

faster to interfaces than less hydrophobic proteins 199. Environmental factors of the bulk 

solution such as polarity of solvent, pH and ionic strength are also considered important 89. 

Hydrophobicity of proteins is increased for proteins prepared in solutions with high ionic 

strength which may affect proteins charge 199. 

 

Upon adsorption to an oil-water interface protein molecules may adopt unfolded 

conformations, change the oil-water interfacial properties, and/or interact with the 

surrounding protein molecules to form a network 198. Protein adsorption to interfaces has 

been explained using three stages (Regime I, II and III) 93,95,102, Figure 4.1. Regime I or 

induction, 95,102 is when protein diffusion occurs from the bulk solution to the interface. 

Regime I is typically characterized by a constant interfacial tension (IFT) over time and is 

mainly observed at low protein concentrations. Regime II or monolayer saturation 95,102 is 

when protein adsorption to the interface results in formation of a monolayer. In this regime, 

IFT is significantly reduced until a constant (or equilibrium) value is reached. Regime III or 

interfacial gelation 95,102 is reached when protein adsorption to the interface results in 

formation of a multilayer. During Regime III, IFT remains constant over time 95,101.  
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Rheology and IFT measurements are useful to study protein adsorption and interaction to the 

oil-water interface. These techniques should be used in combination to gain information 

about Regime I, II and III of protein adsorption to interfaces 93,95. The advantage of 

rheological measurements is that information on regime III (or the multilayer formation) can 

be obtained 93 and once a stable interfacial structure is formed its physical properties 

including  resistance to deformation can be assessed 200. A plateau in elastic (G') and viscous 

(G'') moduli is reported to represent saturation of the oil-water interface by protein molecules 

and the end of protein attachment, relaxation and rearrangement 92. The decrease in IFT over 

time, in terms of pressure per unit of area 109,110, corresponds to the intrinsic characteristics of 

proteins (conformation, molecular flexibility, size, charge and surface activity) to interact 

with the oil-water interface 200 showing regime I and II, which correspond to early stages of 

the monolayer formation 95.  

 
Figure 4.1 Schematic representation of Regime I, II and III of protein adsorption to 

interfaces using the pendant drop instruments (Adapted from Berverung et al. 
(1999)) 95. (IFT over time, in terms of pressure per unit of area mN/m) 109,110 

 

The aim of this Chapter was to investigate protein adsorption at the oil-water interface by the 

combination of IFT measurements and interfacial rheology using the double-wall ring 

(DWR) geometry. The effects of introduction of heat-denatured protein to the aqueous phase 

on the rate and extent of protein adsorption were also investigated to help understand basic 

factors (stability of the native structure, hydrophobicity, flexibility, size, concentration, 

charge) that modify the protein’s adsorption characteristics and to determine whether 

interfacial rheology measurements are sensitive to changes in protein conformation in the 

bulk solution phase 89. 
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4.2. Materials and methods 

4.2.1. Materials 
BSA (A-7906) was obtained from Sigma-Aldrich, USA. Phosphate buffer (pH 7, ionic 

strength 0.05M) was used to prepared native BSA solutions at 0.15 mM, 0.4 mM and 0.8 

mM. The oil phase was composed of coconut oil (medium chain triglycerol, donated by H. 

Lundbeck A/S, Denmark) and was used as received. 

 

4.2.2. Preparation of native BSA, heat-denatured BSA and binary 
mixtures of BSA solutions 
Aliquots of native BSA solutions (0.4 mM and 0.8 mM) were diluted in phosphate buffer pH 

7 to obtain concentrations of 0.2 mM, 0.27 mM, 0.4 mM and 0.47 mM. Further, a solution of 

native BSA at 0.15 mM in phosphate buffer was prepared and heated at 90°C in water for 30 

minutes to give heat-denatured BSA. Native BSA (0.8 mM and 0.4 mM) and heat-denatured 

BSA (0.15 mM) were mixed to obtain binary mixtures of native BSA (0.4 mM and 0.2 mM) 

and heat-denatured BSA solutions (0.07 mM). Total protein concentration in binary mixtures 

was 0.47 mM and 0.27 mM. These solutions were prepared in triplicate.  

 

4.2.3. Interfacial rheology measurements  
Rheology studies were conducted with a TA AR-G2 rheometer (TA-Instruments, Waters, 

New Castle, USA) with DWR geometry using a method previously described by 

Baldursdottir et al. (2011) 101. The system consisted of a square-edge ring (platinum-iridium 

alloy) and a Delrin® trough (Teflon) with a circular channel (Figure 4.2). The gap was zeroed 

without the ring attached and then kept constant at 12,000 μm. 18.8 mL of the water phase 

were measured using a mechanical pipette and added to into the Delrin® trough, then the 

DWR was lowered onto the water phase surface. A meniscus was formed between the ring 

and the water phase which confirmed a physical contact between the ring and the water 

phase. This meniscus was determined by visual inspection. Thereafter, an equal volume of 

the oil phase was carefully poured on top. Oscillatory shear measurements were conducted 

over time at a constant frequency of 0.1 Hz, strain of 0.1% (within the linear viscoelastic 

region) and at a temperature of 25°C. The linear viscoelastic region was determined plotting 

G' and G'' moduli vs. oscillation torque (or strain) in a stress (or strain) sweep. When G' 
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modulus starts to bend downwards measurements were in the non-linear viscoelastic region. 

All the time-sweep measurements were followed with frequency sweeps (0.1% strain) and 

strain sweeps (0.1 Hz) to investigate the properties of the film after two hours of protein 

adsorption to the oil-water interface. Rheology measurements were conducted in triplicate for 

each solution. 

 
Figure 4.2 Photograph and schematic illustration of the TA AR-G2 rheometer with DWR 

geometry: 1) Delrin® trough with a circular channel, 2) DWR geometry 
(platinum/iridium alloy) and 3) geometry holder.  

 

4.2.4. Data analysis for interfacial rheology 
Time-sweep, frequency-sweep and strain amplitude-sweep steps were used to investigate and 

compare the time-course of interfacial layer formation, and frequency dependency and 

strength of the resultant viscoelastic multilayer. The time-sweep step was used to investigate 

the evolution of the BSA adsorption as a function of time giving the maximum value of G' 

and G'' moduli (N/m) after two hours and the time to cross-over between G' and G'' moduli 

(N/m). The time to cross-over is reported to represent the completion of monolayer formation 

and the beginning of multilayer formation 101,102,201. The strain amplitude-sweep step was 

used to characterize resistance to breakage of the interfacial film after two hours. Plots of the 

logarithmic dynamic moduli (G' and G'' in N/m) versus logarithmic oscillation torque (in 

mN/m) applied to the film were constructed 97. Torque values at the first reduction of G' and 

G'' were used as film breakage for G' and G'' moduli, respectively. The frequency-sweep step 

was used to quantify elasticity or solid properties of the film after two hours of protein 

adsorption. Plots of the logarithmic complex viscosity ( ∗η  in Ns/m) versus logarithmic 

frequency (ω  in rad/sec) applied to the film were constructed and the slope obtained from the 
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linear relationship between ∗η  and ω  indicates the solid-like behaviour of the interfacial film 

(see below).  

 

The relationship between ∗η  and ω  is explained by the following equations. Cox and Merz, 

(1958) postulated that the double logarithm of  the steady flow viscosity (η ) vs. the  

deformation as function of time, (
•

γ ) (Equation 4.1) was equivalent to the double logarithm of 

absolute value of complex viscosity ∗η  vs. frequency (ω ) 202,203 giving Equation 4.2. (The 

shear rate (γ ) is the velocity of changes ( dv ) over time ( dt ), (
dt
dv

=γ )). 

 

γ
ση


=   (Newton’s Law) (4.1) 

where, σ is the shear stress 202. 

 
∗η

ω
k

=  (4.2) 

where k  is the consistency index. The double logarithm applied to Equation 4.2 gave a slope 

which represents the flow behaviour index ( n ) 203,204 also known as the power-law exponent 

(0< n <1)  (Equation 4.3). Values of n  close to one indicate that the film has more solid-like 

properties 97. 

 

kn +−=∗ ωη loglog  (4.3) 

Complex viscosity ( ∗η ) is a measure of the overall resistance of the interfacial film to flow 

and combines both the deformation that is recoverable (elastic, ''η ) and non-recoverable 

(viscous, 'η ) 205,206 where, ''' ηηη +=∗  205. The magnitude of the absolute value of complex 

viscosity ∗η  is defined by Equations 4.4, 4.5 and 4.6. The absolute value of complex 

dynamic viscosity as a function of frequency  ( )(* ωη ) is defined by Equation 4.7 207.  

22 ''' ηηη +=∗  

 (4.4) 

ω
η

ω
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4.2.5. Interfacial tension measurements  
IFT studies were performed using a pendant drop instrument (KRÜSS, Hamburg, Germany) 

as previously described by Baldursdottir et al. (2010) 93. A drop of protein solution (aqueous 

phase) formed at the tip of a syringe (1.83 mm needle diameter) was lowered into a glass 

cuvette (4 x 2 x 1 cm) containing the oil phase (6.5 mL). The volume of the protein solution 

drop was held constant at 50 μL and experiments were performed at room temperature 

(Figure 4.3). To calculate the IFT, the drop profile was obtained from an image to which the 

Laplace-Young equation was fitted (Equation 4.8):  

 














+=∆

RR
P

21

11γ  (4.8)

   

where P∆  is the pressure difference over the drop interface, γ  is the interfacial tension 

(IFT), R1 and R2 are the radii of the maximum width and the length of the drop, respectively 
111,208. Drop Shape Analysis System (DSA100, version 1.90.0.22, KRÜSS, Germany) was 

used for the fitting. IFT measurements were performed in triplicate for each solution. 
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Figure 4.3 Schematic illustration of pendant drop tensiometer: 1) lamp, 2) light, 3) 

syringe (water phase), 4) cuvette (oil phase), 5) lenses and 6) camera. 
 

4.2.6. Data analysis for interfacial tension measurements 
The decrease in IFT was measured for each solution over one hour. The initial slope was 

calculated to compare the decay rates from zero to three minutes for each of the different 

BSA solutions. Additionally, the calculation of IFT after 30 minutes (IFT30) was used to 

compare the decrease in IFT for each solution (i.e. native BSA alone (0.2 mM and 0.4 mM) 

and binary mixtures of native BSA (0.4 mM and 0.2 mM) and heat-denatured BSA solutions 

(0.07 mM). Total protein concentration in binary BSA mixtures was 0.47 mM and 0.27 mM. 

 

4.2.7. Statistical analysis 
 Friedman’s test was used to assess statistical differences between type of protein (native 

protein alone and binary mixtures of native BSA (0.4 mM and 0.2 mM) and heat-denatured 

BSA solutions (0.07 mM)) and BSA concentration (0.2 mM and 0.4 mM). Due to the low 

statistical power of non-parametric tests, a significant difference was accepted at a P - value ≤ 

0.10. The Friedman’s test was conducted with R software version 2.15.2 (R Foundation for 

Statistical Computing, Vienna, Austria). 
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4.3. Results  

4.3.1. Interfacial rheology measurements using a double wall-ring 
(DWR) geometry  
Increased elastic (G') and viscous (G'') moduli were observed for the BSA solution at the oil-

water interface with time. The increases in G' and G'' moduli were observed from solutions of 

native BSA alone as well as from solutions of heat-denatured BSA (0.15 mM) (90°C for 30 

min) (Figure 4.4(A)). The heat-denatured BSA slowed down the formation of a multilayer 

delaying the time to cross over between G' and G'' moduli by approximately two hours 

compared to the native BSA (i.e. 96 min vs. 16 min respectively) (Figure 4.4(B)), with the 

final interfacial layer having lower G' and G'' moduli (Figure 4.4(A)). The typical maximum 

G' and G'' moduli for native BSA and heat-denatured BSA (0.15 mM) were 48 and 8 mN/m 

vs. 7 and 4 mN/m, respectively.  
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Figure 4.4 Typical example of elastic G' (solid symbols) and viscous G'' (open symbols) 
moduli at the oil-water interface of native () and heat-denatured () BSA 
solutions (0.15 mM). (A) Protein adsorption over 400 min showing the 
differences in maximum G' and G'' moduli and (B) time to cross over between 
G' and G'' moduli highlighted using arrows (16 min for native BSA vs. 96 min 
for heat-denatured BSA). G' and G'' moduli are in logarithmic scale. 

 
 
Increases in G' and G'' moduli were concentration dependent as the interfacial film formed 

more rapidly from the solution with a higher protein concentration (0.4 mM compared with 

0.2 mM) (Figure 4.5). The addition of heat-denatured protein to a solution of native BSA 

delayed the time to cross-over between G' and G'' moduli from 4 ± 1 min to 12 ± 3 min at 0.4 

mM BSA and from 19 ± 3 min to 23 ± 1 min at 0.2 mM BSA (mean ± s.d., Table 4.1). The 

differences in time to cross-over for BSA concentration and type of protein (i.e. native 

protein alone and binary mixtures of native BSA (0.4 mM and 0.2 mM) and heat-denatured 
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BSA solutions (0.07 mM)) were significant as determined by Friedman’s test (P = 0.029). 

(Appendix C).  

 
Figure 4.5 Typical example of elastic G' (solid symbols) and viscous G'' (open symbols) 

moduli at the oil-water interface of  native BSA alone at 0.4 mM () and 0.2 
mM (). G' and G'' moduli are in logarithmic scale. 

 

The resulting maximum G' value was lower in the presence of heat-denatured protein than for 

the native protein alone (Figure 4.6(A) and (B)). After two hours, an equilibrium was 

reached where maximum values of G' (47 ± 5 mN/m) and G'' (9 ± 1 mN/m) were observed 

for 0.4 mM native BSA. Addition of heat-denatured BSA (0.07 mM) to the aqueous phase 

decreased the maximum elastic modulus reached at equilibrium (G' 42 ± 6 mN/m) but giving 

similar G'' (9 ± 1 mN/m) compared to native BSA alone (Table 4.1). Similar effects were 

observed at the lower native BSA concentration (0.2 M), except lower equilibrium moduli 

were reached (G' were 40 ± 2 mN/m and 35 ± 1 mN/m in the absence and presence of 0.07 

mM heat-denatured BSA, respectively). The difference of G' moduli for different BSA 

concentrations and type of protein was significant as determined by Friedman’s test (P = 

0.072). Additionally, the difference between BSA concentration and type of protein (i.e. 

native protein alone and binary mixtures of native BSA (0.4 mM and 0.2 mM) and heat-

denatured BSA solutions (0.07 mM)) was only significant for binary mixture at 0.2 mM 

(Appendix C). The difference of G'' moduli for different BSA concentrations and type of 

protein (i.e. native protein alone and binary mixtures of native BSA (0.4 mM and 0.2 mM) 

and heat-denatured BSA solutions (0.07 mM)) was no significant as determined by 

Friedman’s test (P > 0.1).   
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Figure 4.6 Typical example of elastic G' (solid symbols) and viscous G'' (open symbols) 

moduli at the oil-water interface: (A) native BSA alone (0.4 mM) () and 
native BSA (0.4 mM) in the presence of heat-denatured protein (0.07 mM) 
() [total protein concentration was 0.47 mM], and (B) native BSA alone (0.2 
mM) () and binary mixture of native BSA (0.2 mM) in the presence of heat-
denatured protein (0.07 mM) () [total protein concentration was 0.27 mM]. 
G' and G'' moduli are in logarithmic scale.  

 
 
 
Table 4.1 Data analysis of rheology measurements. Time sweep step (time to cross-over and 
maximum elastic (G') and viscous (G'') moduli) and frequency sweep step (power law 
exponent, n ) data are shown  (mean ± s.d., n=3). 

BSA (mM) Time to cross-over 
(min) 

Maximum (N/m) (x 1000) Power law exponent* 
Native Heat-denatured  Elastic 

modulus (G') 
 

Viscous 
modulus (G'') 

 

( n ) 
 

0.4 0 4 ± 1 47 ± 5 9 ± 1 -0.902 ± 0.004 

0.4 0.07 12 ± 3  42 ± 6 9 ± 1 -0.871 ± 0.029 

0.2 0 19 ± 3 40 ± 2 10 ± 0.4 -0.862 ± 0.009 

0.2 0.07 23 ± 1  35 ± 1 10 ± 0.4 0.843 ± 0.006 

(*) power law exponent ( n ) close to one means the final film has a more solid-like property.  
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Rheology studies were also used to compare the multilayer formation at the same total 

protein concentration for native BSA alone (0.47 and 0.27 mM) and, binary mixtures of 

native and heat-denatured BSA (0.47 mM and 0.27 mM) (Figure 4.7(A) and (B)). Again the 

multilayer was formed faster at higher native BSA concentration (0.47 and 0.27 mM) than for 

native protein at 0.4 mM and 0.2 mM respectively.  

 

  
Figure 4.7 Typical example of elastic G' (solid symbols) and viscous G'' (open symbols) 

moduli at the oil-water interface at the same total protein concentration of 
native BSA alone or in the presence of heat-denatured BSA: (A) native BSA 
alone 0.47 mM (), 0.4 mM () and binary mixture 0.47 mM (), and (B) 
native BSA alone 0.27 mM (), 0.2 mM () and binary mixture 0.27 mM 
(). G' and G'' moduli are in logarithmic scale.  

 

Strain amplitude-sweep experiments (Figure 4.8) showed that the oscillation torque at which 

the multilayer was disrupted was similar for films formed from different types of proteins like 

native alone (0.4 mM and 0.2 mM) and binary mixtures of native and heat-denatured BSA 

(0.47 mM and 0.27 mM). The oscillation torque that produced the first decrease in G' and G'' 

moduli for each solution were (mean ± s.d.): native BSA alone 0.2 mM (7 ± 1 mNm and 8 ± 
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1 mNm), binary mixtures at 0.27 mM (6 ± 0.1 mNm and 8 ± 0.1 mNm), native BSA alone at 

0.4 mM (8 ± 1 mNm and 9 ± 1 mNm) and binary mixtures at 0.47 mM (9 ± 1 mNm and 9 ± 1 

mNm). The difference in oscillation torque for G' modulus was not significant as determined 

by Friedman’s test (P > 0.1). Statistical analysis showed significant differences in oscillation 

torque for G'' modulus as determined by Friedman’s test (P = 0.042). Additionally, the 

difference between BSA concentration and type of protein (i.e. native protein alone and 

binary mixtures of native BSA (0.4 mM and 0.2 mM) and heat-denatured BSA solutions 

(0.07 mM)) was only significant for binary mixture at 0.2 mM (Appendix C). 

 
Figure 4.8 Typical example of elastic G' (solid symbols) and viscous G'' (open symbols) 

moduli as a function of the oscillation torque (mNm) applied to the oil-water 
interface after two hours of adding protein. The reduction in G' and G'' moduli 
indicates film breakage. (A) native BSA alone at 0.2 mM, (B) binary mixtures 
of native and heat-denatured BSA at 0.27 mM, (C) native BSA alone at 0.4 
mM and (D) binary mixtures of native and heat-denatured BSA at 0.47 mM. 
G' and G'' moduli and, oscillation torque are in logarithm scale.  
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Frequency-sweep measurements were used to determine the solid-like or liquid-like 

properties of the multilayer after two hours. The presence of heat-denatured protein in the 

bulk solution showed a tendency towards formation of a less solid-like film since the power 

law exponent ( n ) was lower in the presence of heat-denatured protein than for native protein 

alone (Table 4.1). The differences of power law exponent for different BSA concentrations 

and types of protein (i.e. native protein alone and binary mixtures) were significant as 

determined by Friedman’s test (P = 0.086). Additionally, statistical analysis showed that this 

difference was only significant between BSA concentration and type of protein (i.e. native 

protein alone and binary mixtures of native BSA (0.4 mM and 0.2 mM) and heat-denatured 

BSA solutions (0.07 mM)) for native BSA at 0.2 mM (Appendix C). 

 

4.3.2. Interfacial tension measurements using a pendant drop 
tensiometer   
The reduction of the IFT was slower for the lower concentrations of the native BSA alone 

(0.2 mM) compared to the highest protein concentration (0.47 mM) (Figure 4.9(A)). In 

comparison, control experiments in the absence of BSA gave an IFT at t=20 minutes of 18.0 

± 1.3 (mN/m). The shape of the curves describing the decrease in the IFT values was also 

dependent on the addition of heat-denatured protein to the bulk solution. IFT appeared to 

decrease more slowly when heat-denatured BSA was added to native BSA at the lower 

concentration (0.2 mM), however, this was not noticeable at the higher concentration (0.4 

mM). Furthermore, IFT measurements were used to compare the decrease of IFT at the same 

total protein concentration for native BSA alone (0.47 and 0.27 mM) (Figure 4.9(B)) and 

binary mixtures of native and heat-denatured BSA (0.47 mM and 0.27 mM) (Figure 4.9(A)) 

where native BSA alone decreased the IFT to similar values compared to binary mixtures.  
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Figure 4.9 IFT measurements of BSA solutions: (A) native BSA alone at 0.4 mM () 

and 0.2 mM () and, binary mixtures of native and heat-denatured BSA, total 
protein concentration: 0.47 mM () and 0.27 mM (); (B) native BSA alone 
at 0.27 () and 0.47 mM (). (n=3). 

 

The decrease in the IFT was investigated by comparison of the IFT30 for solutions of native 

BSA alone (0.4 mM and 0.2 mM) and for binary mixtures of native and heat-denatured BSA. 

These results showed that the surface tension for the native protein alone (7.2 ± 0.3 mN/m 

(0.4 mM) and 9.4 ± 0.7 mN/m (0.2 mM) was higher than for the native protein in the 

presence of (0.07 mM) heat-denatured protein [6.8 ± 0.1 mN/m (0.4 mM) and 7.9 ± 0.2 

mN/m (0.2 mM)] (Table 4.2). Statistical analysis shown significant differences in IFT30 for 

type of protein (i.e. native BSA alone and binary mixtures) and BSA concentration as 

determined by Friedman’s test (P = 0.042) (Appendix D). Moreover, statistical analysis 

showed that this difference was only significant between BSA concentration and type of 

protein (i.e. native protein alone and binary mixtures of native BSA (0.4 mM and 0.2 mM) 

and heat-denatured BSA solutions (0.07 mM)) for native BSA at 0.2 mM. In the case of 
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native BSA at 0.4 mM, this statistical difference was only significant for BSA concentration 

(Appendix C) 

 

Table 4.2 Data analysis of IFT measurements showing the initial decrease in slope (over the 
first three minutes) and IFT30 (mean ± s.d., n=3).   

BSA (mM) Initial slope 
(N/m/min) 
(t=3 min) 

IFT30 (mN/m) 
Native Heat- 

denatured 
0.4 0 -0.441 ± 0.10 7.2 ± 0.3  
0.4 0.07 -0.420 ± 0.14 6.8 ± 0.1 
0.2 0 -0.238 ± 0.04 9.4 ± 0.7  
0.2 0.07 -0.263 ± 0.04 7.9 ± 0.2  

 

The rate of decrease of IFT over the first three minutes was also examined. This showed that 

the initial rate of decrease in the IFT was concentration dependent with a higher slope (over 

the first three minutes) for the native protein alone at 0.4 mM (-0.441 ± 0.10 N/m/min) than 

for 0.2 mM (-0.238 ± 0.04 N/m/min). The initial slope (over the first three minutes) was 

significant different as determined by Friedman’s test (P = 0.060).  Moreover, this difference 

was only significant for native BSA concentration (0.2 mM vs. 0.4 mM) (Appendix D). 

Moreover, binary mixtures of native and heat-denatured protein (0.47 mM and 0.27 mM) did 

not affect the initial rate of decrease of IFT showing similar initial slope (over the first three 

minutes) values than for native protein alone.  

 

4.4. Discussion  
Beverung et al. (1999) suggested that the increased elastic (G') and viscous (G'') moduli with 

time may represent formation of a multilayer of protein molecules at the interface 95. Previous 

studies have shown that the rate and extent of protein adsorption to an oil-water interface 

could be measured by interfacial rheology using a Du Nouy ring accessory 32,93,95,97,208. Since 

this time a double wall-ring (DWR) accessory has become available which has been 

suggested to improve the sensitivity of the interfacial measurements 206. This is due to 

differences in the radii between Du Nouy and DWR accesories which improves the contact 

between the ring and the sample. The DWR has a radii of 45 mm while the Du Nouy ring has 

a radii of 10 mm 101. Baldursdottir et al. (2011) investigated the use of rheological 

measurements with the DWR geometry to study protein adsorption to the oil-water interface 
101. The study described here further examines the potential of this rheometer configuration to 

detect changes in protein adsorption due to the presence of heat-denatured protein.  
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Rheology studies were used to gain information about the time to cross-over between G' and 

G'' moduli and the maximum magnitude of G' and G'' moduli for native protein alone (0.2 

mM and 0.4 mM) and binary mixtures of native and heat-denatured BSA. Total protein 

concentration in the binary mixtures was 0.27 mM and 0.47 mM. The time to cross-over 

between G' and G'' moduli represent the beginning of a network gel or multilayer formation 

at the liquid-liquid interface 102,209. In the current study, the time to cross-over gave relevant 

information about how the kinetics of protein adsorption to the oil-water interface was 

affected by the presence of heat-denatured BSA and protein concentration. Liu et al. (2013) 

reported that keratinocyte growth factor 2 (KGF-2) adsorbed to the air-water interface 

showing that the time to cross-over was faster for higher protein concentration. The time to 

crossover for KGF-2 at 0.5 mg/mL was a few seconds whereas the time to cross-over was 

two min for KGF-2 at 0.005 mg/mL 201. This was in agreement with this work where the time 

to cross-over was faster for native BSA at 0.4 mM than for native BSA at 0.2 mM (4 ± 1 min 

and 19 ± 3 min respectively). The plateaus reached for G' and G'' moduli represent the 

saturation of protein adsorption to the interface giving a maximum magnitude for G' and G'' 

moduli 93. G' and G'' moduli reached a constant within two hours of protein adsorption, a 

plateau, which was used to investigate the stability of the network formed at the interface 

since a decrease in their magnitude is attributed to desorption of adsorbed protein from the 

interface 102,209.  

 

Pendant drop tensiometer experiments were conducted as a complementary method to study 

protein adsorption. The interfacial tension obtained from the pendant drop experiments 

corresponds to the energy necessary to create a new surface 210. This method was used to 

investigate regime II of protein adsorption to interfaces where IFT is reduced until a constant 

(or equilibrium) value is reached 95. Typically pendant drop experiments report an initial 

rapid decrease in IFT as a monolayer is formed at the interface. Following this, the rate of 

decrease in IFT slows and a plateau is reached when no further change in IFT occurs 93,102. 

Native BSA alone (0.15 mM, 0.2 mM, 0.27 mM, 0.4 mM and 0.47 mM) and heat-denatured 

BSA (30 min at 90°C; 0.15 mM) were used to characterize the oil-water interfacial 

adsorption of native and heat-denatured protein. The physical degradation of BSA solutions 

heated at 90°C for 30 min was confirmed using size exclusion chromatography as described 

in Chapter 3 section 3.3. Heat-denatured BSA eluted at 11 min while native BSA eluted at 

14 min (Figure 3.1). Additionally, binary mixtures of native and heat-denatured BSA (0.27 

mM and 0.47 mM) were used to examine how introduction of a small amount of heat-
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denatured BSA in the bulk solution affected the adsorption of a native protein to the oil-water 

interface. These results suggest that the presence of heat-denatured BSA both delays the 

multilayer formation and modifies the molecular structure of the interfacial multilayer 

network. These results support the hypothesis that interfacial rheological studies have a 

potential role in describing and understanding the interfacial reactions that occur in 

pharmaceutical formulations. The explanations for the current results could be based on 

intrinsic characteristics of the protein itself (conformation, molecular flexibility, size, charge 

and pI).  

 

BSA is a globular protein with 17 disulfide bonds 116 where 60% of its amino acids are 

considered hydrophobic 93. It readily adsorbs to hydrophobic surfaces 89,103, making it a good 

model protein to study protein interfacial interactions. In the heat-denatured protein, the 

globular conformation is lost and the hydrophobic groups become more exposed to the 

aqueous phase compared to the native protein conformation 35,73,211. Rheology results showed 

that heat-denatured protein (0.15 mM) formed a multilayer about two hours later than native 

BSA alone (Figure 4.4(B)) which may be explained by differences in protein flexibility and 

the kinetics of protein adsorption to the oil-water interface 95,212,213. This may explain the 

decrease in G' and G'' moduli for the heat-denatured protein (0.15 mM) at early time points. 

The presence of heat-denatured protein in the binary mixtures reduced the IFT more rapidly 

than native BSA alone (Figure 4.9(A)). This may suggest that the molar ratio of native to 

heat-denatured protein is important. At the concentrations used in this work the molar 

concentration ratio of heat-denatured to native BSA was 16% and 25% at native BSA 

concentrations of 0.4 mM and 0.2 mM BSA, respectively. The shape of the curves describing 

the decrease in the IFT values was also dependent on the addition of heat-denatured protein 

available in the bulk solution. These results may be attributed to the presence of protein with 

an extended conformation in the heat-denatured protein. This would result in an increased 

hydrophobic surface and perhaps an increased tendency for the heat-denatured form to 

associate with the hydrophobic oil surface. Being extended the heat-denatured molecules may 

also take up more space/molecule in the interface, at least initially. However, since the heat-

denatured form represented a fraction (16% to 25%) of the total protein present in the system, 

there would still be opportunity for native protein to adsorb as well. The time to cross-over is 

consistent with transition from a monolayer to a multilayer formation at the interface 
101,102,201. The delay in formation of the multilayer at the interface may have been the result of 

steric hindrance from the competing small fraction of heat-denatured BSA. In the interface, 
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the adsorbed native protein itself is likely to go through conformational changes which 

depend on the surface coverage, time allowed for contact, and protein concentration. At a 

lower protein concentration, less surface coverage is obtained than at a higher concentration 

which means that adsorbed protein molecules have more time to rearrange and orientate their 

structure before a new protein molecule is attached to the interface 92. This could explain the 

delay in the multilayer formation at lower protein concentration (0.2 mM) (Figure 4.5).  

 

The adsorption of proteins to the oil-water interface is affected by protein charge. Adsorption 

of protein from solution at a pH close to the pI of the protein is increased due to decrease in 

electrostatic barriers, interfacial repulsion and solubility of protein in the bulk solution. 

Charge distribution is also relevant in protein adsorption because heterogeneous distribution 

of protein charge will produce sites in the protein surface susceptible to electrostatic 

interactions with the interface 116. BSA absorbs at different pH values (4-9) and not only near 

its pI (4.5) 90. However, at pH values lower than its pI, the protein is unfolded and thus 

adsorbs differently compared to folded protein to the oil-water interface 103. According to 

Colac et al. (2013) molecules of proteins adsorbed less to the oil-water interface when the pH 

of an aqueous solutions of BSA (0.5 mM) was increased from 6.6 to 7.4 94. Moreover, the 

distribution of hydrophilic and hydrophobic groups in the surface of the protein also 

contributed to change in the protein charge and its adsorption behaviour 116. Native BSA at 

pH 7 has a negative net charge (-18 mV) that is heterogeneously distributed throughout the 

protein and thereby contributes to increase the solubility of BSA in water 90. Heat-denatured 

proteins (extended conformations) may have a different protein charge (i.e. distribution and 

density) 207,214 than native protein affecting the interaction of heat-denatured protein with the 

oil-water interface. The charge of denatured protein could be obtained from the pH-titration 

curve 215. 

 

Protein size is another characteristic of proteins affecting its adsorption to interfaces. Protein 

size can determine the number of possible contact points between the protein and the 

interface. Larger proteins have more potential contact points to interact with the interface 
116,216 and the adsorption of larger molecules will be less reversible than for small proteins 

because more energy is required to separate adsorbed large molecule from the interface 116. In 

these experiments, the extended conformation of heat-denatured BSA presents a larger 

molecule than the globular conformation of native BSA 80 as loss of the secondary structure 

allows greater extension of the amino acid chains. Yohannes et al. (2010) investigated the 
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hydrodynamic size of BSA proteins heated at 80°C using asymmetrical flow field-flow 

fractionation method. Those results confirmed an increase in the hydrodynamic size from 7 

nm for BSA at room temperature to values between 15 and 149 nm for heat-treated BSA 

solution 80. In this thesis, SEC confirmed the presence of soluble aggregates in heat-denatured 

solution and absence in the native BSA solutions (Figure 3.1). In view of that, more potential 

contact points with the oil surface should be expected for heat-denatured BSA than for native 

BSA. This may help to explain the reduction in the IFT measurements where heat-denatured 

BSA has more contact points available (e.g. hydrophobic groups) allowing a faster interaction 

with the interface than for the native, globular, BSA alone (Figure 4.9(A)). Previously, 

rheology studies using a Du Nouy ring geometry were used to compare the multilayer 

formation between proteins with different molecular size and percentage of hydrophobic 

groups. That study showed that proteins like BSA at a concentration of 1.6 mM (66 KDa with 

60% hydrophobic groups) adsorbed more amount of protein to the oil-water interface giving 

higher G' and G'' moduli than small proteins like lysozyme (14.5 KDa with 52% hydrophobic 

groups) 93.   

 

The addition of heat-denatured protein to a solution of native BSA delayed multilayer 

formation which could be explained by competition, diffusion and difference in protein 

flexibility. In the binary mixtures, native and heat-denatured protein molecules compete 

initially to reach the oil-water interface. However, the competition is affected by their relative 

affinity to reach the interface when different proteins are interacting in the bulk solution. The 

adsorbed layer should contain a higher proportion of those protein molecules that can access 

the interface first 217. This could be investigated using IFT measurements since this technique 

gives information mainly about the monolayer formation 95. In that case, heat-denatured 

proteins could be the first molecules to be adsorbed which may explain why the IFT is 

reduced faster in the binary mixtures than for native BSA alone (Figure 4.9(A)). However, 

interfacial rheology, which is used to investigate multilayer formation 93,102, showed that heat-

denatured BSA (0.15 mM) delayed the multilayer formation by near two hours compared to 

native BSA (0.15 mM) (Figure 4.4(B)).   

 

Diffusion of protein molecules to the interface could also explain the delay in multilayer 

formation due to changes in protein conformation (globular or extended). In this case, 

globular BSA (native) may be able to diffuse more rapidly than the more extended, or less 

compact heat-denatured or aggregated BSA 32,80. In fact, it was reported than native BSA 
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heated at 63°C for one hour increased the hydrodynamic size from 7 nm for native BSA to 

15-22 nm for unfolded BSA 80. The presence of soluble aggregates would move as a larger 

species, therefore affecting diffusion rate too. In the binary mixtures, heat-denatured BSA 

(extended conformation) could be interacting with native and/or heat-denatured protein in the 

bulk solution forming different species that delay protein diffusion to the oil phase. 

Additionally, heat-denatured protein could simply act as a physical barrier hindering the 

native protein to freely attach to the interface. Another explanation for the delay in the 

multilayer formation is that heat-denatured protein may be less flexible than native protein 
116,213. For that reason, heat-denatured protein requires more time than native protein to 

orientate and adapt its hydrophobic groups towards the oil phase so that it is less likely to 

remain at the interface. During the multilayer formation, protein flexibility could affect the 

capacity of proteins to relax, spread and rearrange their molecular structure in the oil-water 

interface where the adsorbed proteins may orient their structure in more than one 

conformation 116. 

 

Protein adsorption to the oil-water interface was investigated at the same total protein 

concentration for native BSA alone (0.47 and 0.27 mM) and binary mixtures of native and 

heat-denatured BSA (0.47 mM and 0.27 mM) (Figure 4.7(A) and (B)). Those experiments 

were conducted to confirm that the delay in multilayer formation in the presence of heat-

denatured protein was not a consequence of the difference in total protein concentration. The 

binary mixtures containing denatured BSA suggested that the delay in multilayer formation 

was a consequence of heat-denatured BSA rather than the small increase in total protein 

concentration, which was shown to have an opposite effect (i.e. native BSA alone 0.47 and 

0.27 mM showed a faster kinetic of protein adsorption to the oil-water interface than for 

binary mixtures of native and heat denatured BSA at the same total protein concentration 

(0.47 and 0.27 mM)). Rheology results showed that the method was sensitive to detect small 

increases in protein concentration (i.e. from 0.4 mM to 0.47 mM and 0.2 mM to 0.27 mM) as 

well as the presence of small amounts of heat-denatured BSA in the bulk solution (0.07 mM). 

In contrast, the drop in the IFT was more pronounced for proteins with higher protein 

concentration independently of the presence of heat-denatured protein in the binary mixtures 

(Figure 4.9(A) and (B)). This result was in agreement with previous reports of concentration 

dependencies 93,218 where an increase in protein concentration (i.e. BSA from 0.15 to 1.06 

mM and lysozyme from 0.03 to 1.38 mM) resulted in an increase in the rate of protein 

adsorption to the oil-water interface 93,101,200. Results obtained from the IFT measurements 
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could mean that the tensiometer is a less specific method than interfacial rheology to detect 

changes in protein concentration and the presence of heat-denatured protein on protein 

adsorption.  

 

IFT measurements were started as soon as the drop between aqueous and oil phase was 

formed. The IFT of water and coconut oil (medium chain triglycerol)) was 18.0 ± 1.3 mN/m 

whereas the initial IFT for protein solutions in the oil-water interface was around 9-11 mN/m 

(Figure 4.9(A)). The difference in the initial values of IFT may be explained because 

regimen I or induction is too fast and can be only studied at very low concentration of 

proteins 95, so that there is some uncertainty around t=0 (IFT0). Additionally, the difference in 

the initial IFT values must represent that protein is interacting with the oil at the interface so, 

this IFT value may not be caused by the presence of impurities in the oil phase which was 

used as received.  

 

The strength and the solid-like properties of the multilayer interfacial film were investigated 

using strain amplitude-sweep and frequency-sweep measurements after two hours of protein 

adsorption. Strain amplitude-sweep experiments (Figure 4.8) suggest that the strength of the 

multilayer is an intrinsic characteristic of the protein itself which depends on protein 

concentration. The presence of heat-denatured protein in the bulk solution did not affect the 

strength of the multilayer because a similar oscillation torque was needed to disrupt the 

multilayer of all these solutions. From the frequency-sweep measurements it seems that the 

native, globular protein interacts with surrounded protein molecules and molecules of oil at 

the interface to produce an interfacial film where protein molecules are close to each other 

forming a tight film. This produces a film where the entire oil surface is densely covered 

giving a higher power law exponent ( n ) value. In contrast, the presence of heat-denatured 

protein could produce a softer, less densely packed film (Table 4.1).  

 

In these experiments, the adsorption of BSA to the oil-water interface seems to result in an 

irreversible process where no desorption of the protein was observed under the experimental 

conditions. This is in agreement with Jeyachandran, et al. (2009) which found that BSA 

adsorbs to hydrophobic surfaces within 2 hours and that the adsorbed BSA remains at the 

interface for up to 12 hours. Desorption of BSA from the hydrophobic surface was only 

observed when this surface was washed with solutions of sodium dodecil sulfate 0.1 M or 

NaCl 1 M 219  The presence of heat-denatured protein in the binary mixtures did not induce 
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detachment of the adsorbed protein as indicated by constant magnitude of G' and G'' moduli 

for two hours (Figure 4.6(A) and (B)) as well as constant values obtained from IFT 

measurements for one hour (Figure 4.9(A)). The presence of heat-denatured protein in the 

bulk solution had a significant effect on the first steps of protein adsorption to the oil-water 

interface as was determined by the rheology and interfacial tension methods. The presence of 

heat-denatured protein in the bulk solution significantly delayed the time to cross-over 

between G' and G'' moduli (P = 0.029) but gave a similar magnitude of maximum G'' moduli 

in comparison with native protein alone (P > 0.1). After two hours of protein adsorption, the 

film formed at the interface showed a more solid-like behaviour for native BSA alone than 

for native solutions in the presence of heat-denatured BSA (P = 0.086). The value of IFT30 

was considerably reduced in the presence of heat-denatured protein in comparison with native 

BSA alone (P = 0.042). However, the influence of heat-denatured BSA in the value of the 

solid-like behaviour, oscillation torque for G'' modulus and the value of IFT30 were more 

significant for BSA protein at the lowest concentration (i.e. 0.2 mM) (Appendix C and D).  

 

In this thesis, the liquid-liquid interface was formed using oil and water because these two 

components have a different polarity which may form a stable interface in a short period of 

time. Additionally, oil-water was used to simulate an emulsion state that many proteins are 

exposed in some stage. Coconut oil was used by Baldursdottir et al. (2010) and Baldursdottir 

et al. (2011) to investigate the protein adsorption to the oil-water interface (i.e. BSA, insulin 

and lyzozyme). From those works, a stable interface was formed between the coconut oil and 

the water phase giving information of protein adsorption to the oil-water interface within two 

hours 93,101.  

 

Statistical differences between type of protein and BSA concentration was assessed using the 

Friedman’s test, which is the non-parametric equivalent of the repeated measures ANOVA. 

The Friedman’s test was chosen because the low number of repetitions used in these 

experiments. Additionally, the response variables did not presented a normal distribution, 

violating one of the core assumptions of the ANOVA test. However, the use of a non-

parametric test has the disadvantage of a reduced statistical power, in comparison to 

parametric tests. For this reason, a difference was declared as significant at a P - value ≤ 0.10. 

Moreover, post-hoc comparison analysis for the Friedman’s test is characterized for an even 

lower statistical power 220. Therefore, comparison between groups (combinations of type of 
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protein and BSA concentration) was conducted through visual inspection of box-plots 

(Appendix C and D). 

 

Despite the low number of repetition used and the low power of the Friedman’s test, 

significant differences were observed between BSA concentration and type of protein (i.e. 

native protein alone and binary mixtures of native BSA (0.4 mM and 0.2 mM) and heat-

denatured BSA solutions (0.07 mM)) for the cross-over time, G' modulus, oscillation torque 

(G'' modulus), the power law exponent (i.e. interfacial rheology measurements), IFT30 and 

initial slope (i.e. IFT measurements). 
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4.5. Conclusions 
The combination of rheology and surface tension determination was shown to be sensitive for 

the characterization of protein adsorption at the oil-water interface. The information obtained 

from these methods (i.e. kinetics of protein diffusion, monolayer and multilayer formation) 

and the data analysis of these results (i.e. time to cross-over, G' and G'' moduli, strength and 

solid-like properties of the viscoelastic film and drop in the IFT measurements) was useful to 

investigate the oil-water interfacial adsorption of native and heat-denatured protein and to 

examine how introduction of a small amount of heat-denatured protein affects the rate and 

extent of the adsorption of a native protein to the oil-water interface. The combination of 

protein characteristics affecting protein adsorption (i.e. stability of the native structure, 

hydrophobicity, flexibility, size, concentration and charge) contributed to understand the 

molecular interaction between native and heat-denatured proteins in the bulk solution and to 

explain the initial mechanism influencing their adsorption to the oil-water interface. These 

results showed that the presence of heat-denatured protein in the bulk solution affected the 

first steps of protein adsorption which was characterized by a delay in the multilayer 

formation at the different protein concentrations used in this work.   
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Chapter 5: Investigation of effects of selected excipient 
types (salt, phospholipid and polymer) on BSA interfacial 
adsorption 
 

5.1. Introduction 
In protein formulations, the most important groups of excipients are those that can impart 

improved stability to the protein native structure and/or reduce protein surface adsorption 
221,222. Sodium chloride is commonly used in protein drug formulations because it does not 

induce chemical degradation of proteins 24 and it is useful to reduce electrostatic interaction 

by changing the ionic strength of the solvent 39,112,223. Phospholipids and polymers are useful 

as stabilizers of protein emulsions reducing the adsorption of proteins to interfaces 94,224,225. 

 

Protein interfacial adsorption as a multilayer is often considered an irreversible process 226,227. 

This is the case of BSA protein 226,227 and β-casein which shown an irreversible adsorption to 

liquid interfaces 227. Fainerman et al. (2006) suggested that protein adsorption to interfaces is 

thermodynamically a reversible process but the reversibility of high molecular weight protein 

adsorption (i.e. BSA) is very slow, often taking many days 227. Therefore, protein adsorption 

to interfaces could be considered as a practically irreversible process which is reported to be 

influenced by time, protein properties and protein concentration 92,102. However, the presence 

of excipients (i.e. salts, polymers and surfactants) may affect protein adsorption within 

dosage forms 222,228 through mechanisms that affect protein adsorption or desorption from the 

interface 89,92.  

 

The adsorption of proteins to interfaces in the presence of excipients is explained by the 

combination of two mechanisms: 1) the formation of a complex between protein molecules 

and excipients in the bulk solution and the competitive adsorption of these complexes and 

free molecules of excipients at the interface 228, 2) protein and excipient molecules adsorb 

sequentially or simultaneously to the oil-water interface forming a protein-excipient complex 
115,229,230 which has a different surface activity than the protein alone 228. In these two 

mechanisms, the complex is stabilised by ionic and/or hydrophobic forces 228,230 and 

conformational changes may result in the protein 229,230. Excipients and proteins interacting 

through ionic forces form hydrophobic complexes which are more surface active than protein 

alone. In contrast, excipients and proteins interacting by hydrophobic forces form hydrophilic 
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complexes which are less surface active than protein alone 228. Excipients and proteins that 

adsorb simultaneously to the interface may form the complex in the bulk solution or near the 

interface whereas excipients and proteins that adsorb sequentially to the interface form the 

complex at the interface 229,230. If the protein and excipient form a complex in the bulk phase 

then adsorption to the interface may be changed through mechanisms of decreased free 

concentration or reduced adsorption potential of the complex formed. Complex formation 

could also occur at the interface, as protein and excipient molecules are forced closer 

together. Additionally, free excipient molecules remaining near the interface may compete 

with proteins to reach the interface 108. This competition is influenced by native protein 

conformation, type of surfactant (i.e. ionic, non-ionic, oil- or water-soluble), nature of the 

interface (i.e. oil-water or air-water), concentration of proteins and excipients in the bulk 

solution, characteristics of the bulk phase (i.e. pH and ionic strength) 230, surface activity and 

the nature of the interaction between protein and excipients 39.  

 

Desorption of proteins from interfaces depends on the mechanism used by proteins and 

excipients to form the complex at the interface 229. Mechanisms such as the orogenic 

displacement, complexation and competitive adsorption are thought to be responsible for 

desorption of proteins from the interface 108,228,229. Orogenic displacement is an alternative 

mechanism to the sequential adsorption of proteins 229. In the orogenic displacement the 

adsorbed protein is displaced from the interface over time by a more surface active excipient 

such as a surfactant 108. Surfactant adsorbs to the protein network and the number of adsorbed 

excipient molecules grows which compresses the already adsorbed protein molecules, 

increasing the surface pressure. After that, the protein network is broken and proteins are 

detached from the interface making sites in the interface available for adsorption of 

excipients 228,231-233. As a consequence of that, protein is removed from the interface to the 

bulk solution 108,229,231-233. Norde and Giaconelli (2000) have reported that desorption of 

protein from an interface results in appearance of  protein aggregates in the bulk solution 92. 

For simultaneous adsorption, complexes and free excipient molecules adsorb to the interface 

by competitive adsorption so that orogenic displacement does not apply 229.  

 

Interfacial shear rheology has been used to investigate competitive adsorption between 

proteins and excipients giving information about structure of the interfacial film 108,228. 

However, oscillation shear rheology does not give quantitative information of protein 

adsorption to interfaces 228,234. Rheology measurements have shown that the adsorption of 
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protein in the presence of excipients is initially characterized by an increased in the 

magnitude of elasticity and viscosity in comparison with protein molecules alone 108,235. 

Then, excipients that are adsorbed sequentially reach the interface to replace the adsorbed 

protein which is characterized by decreased G' and G'' moduli 108 in several orders of 

magnitude 236.  

 

The pendant drop technique has also been applied to measure the interfacial tension to 

investigate protein adsorption and desorption from interfaces. The kinetics of protein 

desorption from interfaces using IFT measurements was characterized by an increase in the 

value of the IFT after washing off the bulk solution 227,228. Fainerman et al. (2006) reported 

an increase in the value of IFT of around 10 mN/m for protein desorption 227.  

 

The combination of interfacial rheology and interfacial tension methods appear suitable to 

investigate protein adsorption to the oil-water interface in simple formulations. These 

techniques may have a potential application to investigate protein adsorption to interfaces in 

more complex proteins formulations. The aim of this Chapter was to assess the use of these 

techniques to examine how introduction of three groups of excipients (NaCl, phospholipids 

and polymers) affects the kinetics and/or mechanism of adsorption of native protein to the 

oil-water interface. Additionally, FTIR spectroscopy was used to investigate protein physical 

stability of the protein in the bulk solution at the equilibrium, as a consequence of the 

presence of these excipients in the oil-water interface.  

 

5.2. Materials and methods 
 
5.2.1. Materials 
BSA was obtained from Sigma-Aldrich, USA (A-7906, 98%). Phosphate buffer (pH 7.4, 

ionic strength 0.05 M) was prepared by mixing 11.2 ml of KH2PO4 (1 M) and 38.8 ml 

K2HPO4 (1 M) and diluting to one liter with distilled water. The oil phase was composed of 

coconut oil (medium chain triglycerol donated by H. Lundbeck A/S, Denmark) and was used 

as received. Sodium chloride (NaCl) was obtained from Sigma-Aldrich, USA (7647-14-5). 

Dipalmitoylphosphatidylcholine (DPPC), distearoylphosphatidylcholine (DSPC) and 1,2-

distearoyl-sn-glycero-3-phosphoglycerol, sodium salt (DSPG-Na) phospholipids were 

obtained  from Lipoid GmbH, Germany. Poly(N,N-dimethylaminoethyl methacrylate) 
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(PDMAEMA) and PDMAEMA-PBuA38700-PDMAEMA33000 (PBuA) polymers were 

provided by the Laboratory of Polymer Chemistry, University of Helsinki, Finland and used 

as received. 

 

5.2.2. Preparation of native BSA solutions (0.5 mM)  
BSA was dissolved in phosphate buffer (pH 7.4, ionic strength 0.05 M) to give solutions of 

native BSA at 0.5 mM (aqueous phase). All solutions were prepared in triplicate. 

 

5.2.3. Preparation of native BSA solutions (0.5 mM) in the presence of 
NaCl (0.1 M, 0.5 M and 1 M)  
NaCl was dissolved in phosphate buffer (pH 7.4, ionic strength 0.05 M) at 0.1, 0.5 and 1 M. 

These solutions were used to dissolve native BSA (0.5 mM) in order to study the adsorption 

of native BSA to the oil-water interface in the presence of NaCl at different concentrations. 

All solutions were prepared in triplicate. 

 

5.2.4. Preparation of native BSA solutions (0.5 mM) (aqueous phase) 
and phospholipids (DPPC, DSPC and DSPG-Na) (oil phase) 
Phospholipids (i.e. DPPC, DSPC and DSPG-Na) were dissolved in the oil phase to prepare 

10 mL of each phospholipid at 0.01% w/v (stock solution). The oil phase was composed of 

coconut oil (medium chain triglyceride) and was used as received. Aliquots of stock solutions 

were taken to prepare 25 mL of the oil phase containing DPPC (1x10-4 % w/v DPPC/coconut 

oil, 5x10-4 % w/v DPPC/coconut oil and 1x10-3 % w/v DPPC/coconut oil), DSPC (1x10-2 % 

w/v DSPC/coconut oil and 1x10-3 % w/v DSPC/coconut oil) and DSPG-Na (5x10-3 % w/v 

DSPG-Na/coconut oil and 1x10-3 % w/v DSPG-Na/coconut oil). Then, these solutions were 

used to study the adsorption of native BSA to the oil-water interface in the presence of 

phospholipids. The aqueous phase was composed of native BSA (0.5 mM) dissolved in 

phosphate buffer (pH 7.4, ionic strength 0.05 M). All solutions were prepared in triplicate. 

The structure of DPPC, DSPC and DSPG-Na phospholipids are shown in Figure 5.1. 
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Figure 5.1 Chemical structure of phospholipids: DPPC, DSPC and DSPG-Na. 
 
 

5.2.5. Preparation of native BSA solutions (0.5 mM) in the presence of 
PDMAEMA and PBuA polymers (aqueous phase) 
PDMAEMA and PBuA polymers were used to investigate their influence in protein 

adsorption to interfaces (Figure 5.2(A) and (B)). PDMAEMA is a linear homo polymer with 

a molecular weight (Mn) of 93400 (g/mol), polydispersity index (PDI) of 1.5, water soluble 

and positively charged due the protonation of the amine groups 237. PBuA is a linear block 

polymer composed on PDMAEMA groups at each side of the chain plus a poly butyl acetate 

group at the center which increases the hydrophobicity of this polymer. PBuA has a 

molecular weight (Mn) of 107300 (g/mol) and PDI of 1.28 238.  

 

PDMAEMA and PBuA polymers were dissolved or suspended in the aqueous phase at 

8.75x10-3 % w/v. PDMAEMA was dissolved completely in the aqueous phase whereas 

PBuA, which is practically insoluble in water, was suspended in the aqueous phase. Native 

BSA (0.5 mM) was dissolved in each polymeric sample prior to the measurements. The oil 

phase was composed of coconut oil (medium chain triglyceride) and was used as received. 

All samples were prepared in triplicate. 

 

 121 



 
 

 
Figure 5.2 Chemical structure of polymers: (A) PBuA and (B) PDMAEMA.  
 

5.2.6. Interfacial rheology measurements using a double wall-ring 
(DWR) geometry 
Rheology studies were conducted using a TA AR-G2 rheometer (TA-Instruments, Waters, 

New Castle, USA) with DWR geometry using a method previously described by 

Baldursdottir et al. (2011) 101. The equipment and method was previously described in 

Chapter 4 (Section 4.2.2.). Rheology experiments were conducted in triplicate for each 

sample. 

 

Time-sweep, frequency-sweep and strain amplitude-sweep steps were used to investigate and 

compare the kinetics of protein adsorption, frequency dependency and strength of the 

resultant viscoelastic multilayer as was measured as described in Chapter 4 (Section 4.2.3.). 

Additionally, complex viscosity ( ∗η  in Ns/m) over time was used to investigate viscosity 

properties of the interfacial film in the presence of excipients. The value of complex viscosity 

at two hours was used to compare the different samples. 
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5.2.7. Interfacial tension measurements using a pendant drop 
tensiometer 
Interfacial tension (IFT) measurements were performed using a pendant drop instrument 

(KRÜSS, Hamburg, Germany) as previously described by Baldursdottir et al. (2010) 93. The 

method and equipment were described in Chapter 4 (Section 4.2.4.). IFT measurements 

were conducted in triplicate for each sample. The decrease in the IFT was studied to compare 

the kinetic of protein adsorption to the oil-water interface of native BSA alone and native 

BSA in the presence of NaCl, phospholipids and polymers for one hour and then, the initial 

slope (over the first three minutes) and IFT30 were calculated as was described in Chapter 4 

(Section 4.2.5).  

 

5.2.8. Statistical analysis 
One-way ANOVA was used to assess statistical differences between native protein alone and 

native protein in the presence of excipients: salt (NaCl (0.1 M, 0.5 M and 1 M)), 

phospholipids (DPPC (1x10-3 % w/v), DSPC (1x10-2 % w/v) and DSPG-Na (5x10-3 % w/v)), 

and polymers (PDMAEMA and PBuA (8.75x10-3 % w/v). Post-hoc Tukey’s test analysis for 

multiple comparisons of means were calculated for protein solutions showing significant 

differences (P < 0.05). The parameters analysed were G' and G'' moduli, time to cross-over, 

complex viscosity, the power law exponent for rheology studies, initial slope (over the first 

three minutes), and the decrease in the IFT30 for IFT measurements. Statistical analysis was 

conducted using R software version 2.15.2 (R Foundation for Statistical Computing, Vienna, 

Austria).   
 

5.2.9. FTIR spectroscopy  
FTIR spectroscopy was used to investigate secondary structure of proteins in the bulk 

solution after two hours of protein adsorption to the oil-water interface. FTIR spectra were 

acquired using a Bomen IR-spectrometer (Bomen, Canada). Samples of 12 μL were 

measured using a CaF2 transmission windows from BioCellTM (Jupiter, Florida, USA) with 

six µm path length and five cm diameter. A total of 16 scans were collected with a resolution 

of 4 cm-1. The sample chamber was constantly purged with dry air (pure gas generator from 

Whatman). Samples for spectroscopy analysis were aliquots of the aqueous phase (100 µL) 

taken from the bulk solution of the rheometer (Delrin® trough) at t = 0 and after two hours of 

protein adsorption to the oil-water interface. 
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Water (3500 and about 1640 cm-1), and remaining water vapor (2200 cm-1) signals were 

subtracted from the original spectra to obtain a flat line between 2000 and 1850 cm-1 137,138. 

Spectra were pre-processed by using the 2ndD (Savitzky-Golay with 11 points smoothing), 

BC and AN study physical stability of proteins in the aqueous phase 73,137. The principal 

bands used to investigate protein physical stability are α-helix around 1654 cm-1 and 

intermolecular β-sheet around 1610-1620 cm-1 48,65. Pre-processing was conducted using a 

combination of software including The Unscrambler®X (2ndD, CAMO Software, Oslo 

Norway Version 10.1) and Origin®Pro (BC and AN, Origin Lab Corp. Version 8.5).   

 
 
5.3. Results 

5.3.1. Rheometer studies: Investigating the interfacial rheology of 
proteins in the presence of excipients 

5.3.1.1. Rheology studies of native BSA alone (0.5 mM) 
Native BSA alone (0.5 mM) formed a viscoelastic film at the oil-water interface showing the 

time to cross-over at  4  ± 2 min and constant G' (27 ± 2 mN/m) and G'' (10 ± 1 mN/m) 

moduli at two hours (Figure 5.3(A)). The power law exponent of protein adsorption for 

native BSA alone was -0.812 ± 0.010 (Appendix E) and the complex viscosity increased 

until a maximum within the first hour and remained stable from one to two hours of protein 

adsorption. The value of complex viscosity at two hours was 45 ± 3 mNs/m (Figure 5.3(B)). 

Strain amplitude-sweep experiments (Figure 5.3(C)) show the oscillation torque at which the 

multilayer was disrupted. In the case of native BSA alone (0.5 mM) the oscillation torque 

mean values for G' and G'' were 6  ± 1 mNm and 7 ± 1 mNm, respectively. After one hour, 

the magnitude of G' and G'' moduli and complex viscosity for solutions containing phosphate 

buffer (without protein) (pH 7.4) and oil phase (without excipients) was less than 1x10-4 N/m.  
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Figure 5.3 Native BSA alone (0.5 mM) (square) at the oil-water interface. (A) Elastic G' 

(CV = 31.1 %) (solid symbols,) and viscous G'' (CV = 26.8 %) (open 
symbols,) moduli and (B) complex viscosity (open symbols,) (CV = 27.4 
%) as a function of time. (C) Elastic G' (solid symbols,) and viscous G'' 
(open symbols,) moduli as a function of the oscillation torque applied to the 
oil-water interface after two hours of adding protein (CV (G') = 12.1% and 
(G'') = 10.6 %). The sharp reduction in the modulus indicates film breakage. 
G' and G'' moduli are in logarithmic scale.  
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5.3.1.2. Effect of NaCl (0.1 M, 0.5 M and 1 M) on the oil-water 
interfacial rheology measurements of native BSA (0.5 mM) 
Native BSA (0.5 mM) dissolved in the presence of NaCl (0.1 M, 0.5 M and 1 M) adsorbed to 

the oil-water interface forming a stable interfacial film with constant G' and G'' moduli within 

two hours. However, the effect of NaCl on protein adsorption was concentration dependent. 

NaCl at concentrations of 0.1 M and 0.5 M increased BSA adsorption to the oil-water 

interface giving values of G' and G'' moduli of  35 ± 20 mN/m and 90  ± 2 mN/m (0.1 M) and 

25 ± 6 mN/m and 10 ± 0.2 mN/m (0.5 M) respectively. Native BSA in the presence of NaCl 

(1 M) showed reduced protein adsorption to the oil-water interface giving a lower value of G' 

(10 ± 1 mN/m) and G'' (7 ± 0.5 mN/m) moduli than for native BSA alone (27 ± 2 mN/m) and 

10 ± 1 mN/m respectively) (Figure 5.4 and Table 5.1). Statistical analysis showed that the 

changes in the G' and G'' moduli for native BSA in the presence of NaCl (0.1 M, 0.5 M and 1 

M) were significant as determined by one-way ANOVA (P < 0.05). However, the increase in 

G' and G'' moduli for native BSA alone and native BSA in the presence of NaCl (0.1 M) were 

only significantly different for the G' modulus as shown by the Tukey’s post-hoc test (P < 

0.01). The maximum values of G' and G'' moduli between native BSA alone and native BSA 

in the presence of NaCl (0.5 M) were not significantly different as shown the Tukey’s test 

analysis (P > 0.05). The reduction in G' and G'' moduli between native BSA alone and native 

BSA in the presence of NaCl (1 M) were significantly different as shown by the Tukey’s 

post-hoc test (P < 0.01) (Table 5.2).  
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Figure 5.4 Elastic G' (solid symbols) and viscous G'' (open symbols) moduli as a function 

of time. Native BSA alone (0.5 mM) () vs. native BSA (0.5 mM) dissolved 
in the presence of NaCl at 0.1 M () (CV (G') = 45.7 % and (G'') 19.5 %), 0.5 
M () (CV (G') = 32.7 % and (G'') 22.2 %) and 1 M () (CV (G') = 53.1 % 
and (G'') 42.3 %). G' and G'' moduli are in logarithmic scale. 

  
 
Table 5.1 Data analysis of rheology measurements for native BSA in the presence of NaCl 
(0.1 M, 0.5 M and 1 M). Rheology measurements correspond to data analysis of time sweep 
measurements (time to cross-over, elastic (G') and viscous (G'') moduli and complex 
viscosity) and frequency sweep measurements (power law exponent, n ). (mean ± s.d., n=3). 
 

  Maximum (N/m) (x1000)   
Native BSA (0.5 

mM) + Excipients 
Time to 

cross-over 
(min) 

Elastic 
modulus 

(G')                  

Viscous 
modulus 

(G'') 

Complex 
dynamic 
viscosity 

(Ns/m) (x1000) 

Power law 
exponent* ( n ) 

Native BSA alone  4 ± 2 27 ± 2 10 ± 1 45 ± 3 -0.812 ± 0.010 
      
Native BSA +  NaCl 

(0.1 M) 
 

3 ± 2 35 ± 20 90 ± 2 58 ± 32 -0.813 ± 0.120 

Native BSA + NaCl 
(0.5 M) 

 

6 ± 1 25 ± 6 1 ± 0.2  16 ± 4 -0.718 ± 0.100 

Native BSA + NaCl 
(1.0 M) 

 

29 ± 6 10 ± 1  7 ± 0.5  19 ± 2 -0.620 ± 0.020 

 (*) power law exponent ( n ) close to one means the final film has a more solid-like property.  
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Table 5.2  Tukey’s test analysis for native BSA alone (0.5 mM) vs. native BSA (0.5 mM) in 
the presence of NaCl at 0.1 M, 0.5 M and 1 M. Tukey’s test analysis was performed for 
solutions showing significant differences in the one-way ANOVA test (P < 0.05). 
 

 

Native BSA 
alone vs. 

Native BSA + 
NaCl (0.1 M) 

Native BSA 
alone vs. 

Native BSA + 
NaCl (0.5 M) 

Native BSA 
alone vs. 

Native BSA + 
NaCl (1 M) 

 
 

Native BSA + 
NaCl (0.1 M) 

vs.  
Native BSA + 
NaCl (0.5 M) 

 
 

Native BSA + 
NaCl (0.1 M) vs. 

Native BSA + 
NaCl (1 M) 

 
 

Native BSA +  
NaCl (0.5 M) vs.  
Native BSA +  

NaCl (1 M) 
 

Time to 
cross-over 

(min) 

P>0.05 P>0.05 P<0.001 P>0.05 P<0.001 P<0.001 

Elastic 
modulus 
G' (N/m) 

 

P<0.001 P>0.05 P<0.001 P<0.001 P<0.001 P<0.01 

Viscous 
modulus 
G'' (N/m) 

 

P>0.05 P>0.05 P<0.01 P>0.05 P<0.01 P<0.05 

Power law 
exponent 

 

P>0.05 P>0.05 P>0.05 P>0.05 P>0.05 P>0.05 

Oscillation 
torque 
(mNm) 

P<0.005 (G') 
 

P<0.05 (G'') 

P>0.05 (G') 
 

P>0.05 (G'') 

P<0.005 (G') 
 

P<0.005 (G'') 

P<0.005 (G') 
 

P<0.05 (G'') 

P<0.001 (G') 
 

P<0.001 (G'') 

P<0.005 (G') 
 

P<0.005 (G'') 
 

 

 

 

The time to cross-over between G' and G'' moduli was shorter for native BSA in the presence 

of NaCl (0.1 M) than for native BSA alone giving values of 3 ± 2 min and 4 ± 2 min 

respectively. In the presence of NaCl (0.5 M and 1 M) the time to cross-over were 6 ± 1 min 

and 29 ± 6 min, respectively (Table 5.1). Statistical analysis showed that the time to cross-

over for native BSA alone and native BSA in the presence of NaCl (0.1 M, 0.5 M and 1 M) 

was significant differently as determined by one-way ANOVA (P < 0.05). However, the 

increase in the time of cross-over between native BSA alone and native BSA in the presence 

of NaCl (0.1 M and 0.5 M) were not significantly different as shown the Tukey’s post-hoc 

test (P > 0.05). The increase in time of cross-over between native BSA alone and native BSA 

in the presence of NaCl (1 M) was significantly different as shown by the Tukey’s post-hoc 

test (P < 0.001) (Table 5.2).  

 

The complex viscosity for native BSA in the presence of NaCl (0.1 M) reached a maximum 

value of 58 ± 30 mNs/m which was achieved faster than for native BSA alone (Figure 5.5 
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and Table 5.1). The complex viscosity of native BSA in the presence of NaCl (0.5 M and 1 

M) were 16 ± 4 mNs/m  and 19 ± 2 mNs/m respectively (Figure 5.5 and Table 5.1). 

Statistical analysis showed that the magnitude of complex viscosity between native BSA 

alone and native BSA in the presence of NaCl (0.1 M, 0.5 M and 1 M) were not significantly 

different as determined by one-way ANOVA (P > 0.05).  

 
Figure 5.5 Complex viscosity as a function of time. Native BSA alone (0.5 mM) () vs.  

native BSA (0.5 mM) dissolved in the presence of NaCl at 0.1 M () (CV = 
88.8 %), 0.5 M () (CV = 40.3 %) and 1 M () (CV = 48.4 %). Complex 
viscosity is in logarithmic scale.  

 

 

The interfacial film formed between the oil phase and the native BSA in the presence of NaCl 

(0.1 M) showed a  similar power law exponent  (- 0.813 ± 0.120) than for native  BSA alone 

(- 0.812 ± 0.010). The values of the power law exponent were decreased in the presence of 

NaCl (0.5 M and 1 M) to - 0.718 ± 0.100 and - 0.620 ± 0.020, respectively (Table 5.1). Post-

hoc comparisons (pair by pair), using Tukey’s test, did not render any significant power law 

exponent differences (P > 0.05) between pairs of native BSA alone and native BSA in the 

presence of NaCl (0.1 M, 0.5 M or 1 M) (Table 5.2). 

 

Strain amplitude-sweep experiments (Figure 5.6) showed the oscillation torque at which the 

interfacial film was disrupted for native BSA in the presence of NaCl at 0.1 M, 0.5 M and 1 

M were G' (10 ± 0.3 mNm) and G'' (10 ± 0.4 mNm) (0.1 M), G' (7 ± 1 mNm) and G'' (7 ± 1 

mNm) (0.5 M) and G' (3 ± 0.4 mNm) and G'' (4 ± 0.4 mNm) (1 M). Statistical analysis 

showed that the strain amplitude-sweep experiments for native BSA alone and native BSA in 

the presence of NaCl (0.1 M, 0.5 M and 1 M) was significantly different as determined by 
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one-way ANOVA test (P < 0.001). The oscillatory torque at which the film was disrupted 

was significantly different for G' and G'' moduli for all the protein solutions with the 

exception of native BSA alone vs. native BSA in the presence of NaCl (0.5 M) (P > 0.05) as 

shown by Tukey’s test analysis for G' and G'' moduli (Table 5.2). 

 

 

  

Figure 5.6 Elastic G' (solid symbols) and viscous G'' (open symbols) moduli as a function 
of the oscillation torque applied to the oil-water interface after two hours of 
adding protein. The reduction in G' and G'' moduli indicates film breakage. 
(A) Native BSA alone (0.5 mM) () vs. native BSA (0.5 mM) dissolved in 
the presence of NaCl at (B) 0.1 M () (CV (G') = 3.6 % and (G'') 4.7 %), (C) 
0.5 M () (CV (G') = 12.1 % and (G'') 10.6 %) and (D) 1 M () (CV (G') = 
10.4 % and (G'') 8.9 %). G' and G'' moduli and oscillation torque are in 
logarithmic scale.  
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5.3.1.3. Effect of phospholipids on the oil-water interfacial rheology 
measurements of native BSA (0.5 mM)  
The interfacial adsorption of native BSA (0.5 mM) in the presence of DPPC initially showed 

an increase in G' and G'' moduli until a maximum value was reached which was similar to 

that of native BSA alone (Figure 5.7). The initial increase in the G' and G'' moduli was 

followed by a progressive decrease in G' and G'' moduli from 1 x10-2 N/m to 1 x10-4 N/m for 

the highest concentration of DPPC. The final magnitude of G' and G'' moduli did not increase 

again within the two hours.  

 

 
Figure 5.7 Elastic G' (solid symbols) and viscous G'' (open symbols) moduli for native 

BSA alone (0.5 mM) () vs. native BSA (0.5 mM) in the presence of DPPC 
at different concentrations at the oil-water interface: 1x10-4 % w/v () (CV 
(G') = 49.8 % and (G'') 31.2 %), 5x10-4 % w/v () (CV (G') = 175 % and (G'') 
172 %) and 1x10-3 % w/v () (CV (G') = 145 % and (G'') 131 %). G' and G'' 
moduli are in logarithmic scale. 

 
 
The decrease in the G' and G'' moduli for native BSA in the presence of DPPC was 

concentration dependent with a faster decrease observed for native BSA in the presence of 

higher concentrations of DPPC (5x10-4 % w/v and 1x10-3 % w/v) than for native BSA in the 

presence of DPPC at 1x10-4 % w/v (Figure 5.7). There was no evidence of protein desorption 

from the interface at the lowest concentration of DPPC (1x10-4 % w/v) and the magnitude of 

G' (20 ± 10 mN/m) and G'' (8 ± 2 mN/m) moduli (Table 5.3) remained constant for two hours 

showing a similar behavior to that of native BSA alone (Figures 5.7). Statistical analysis 

showed that the G' moduli for native BSA alone and native BSA in the presence of DPPC 

(1x10-4 % w/v) were not significantly different as described by one-way ANOVA (P > 0.05). 

The value of G'' modulus for native BSA alone and native BSA in the presence of DPPC 
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(1x10-4 % w/v) was significantly different as determined by one-way ANOVA test (P < 0.05). 

However, the G'' modulus was not significantly different for native BSA alone and native 

BSA in the presence of DPPC at 1x10-4 % w/v as shown by Tukey’s post-hoc test (P > 0.05) 

(Table 5.4). Statistical analysis also showed that the G' moduli for native BSA alone and 

native BSA in the presence of DPPC at 5x10-4 % w/v were not significantly different as 

described by one-way ANOVA (P > 0.05). In contrast, the decrease in the G'' modulus for 

native BSA alone and for native BSA in the presence of DPPC at 5x10-4 % w/v was 

significantly different as shown by Tukey’s test analysis (P < 0.05) (Table 5.4). The 

magnitude of the G'' modulus for native BSA in the presence of DPPC (1x10-4 % w/v) and 

native BSA in the presence of DPPC (5x10-4 % w/v) were not significantly as shown by the 

Tukey’s post-hoc test (P > 0.05) (Table 5.4). 

 

Table 5.3. Data analysis of rheology measurements for native BSA in the presence of 
phospholipids (DPPC (1x10-4 % w/w, 5x10-4 % w/w and 1x10-3 % w/w), DSPC (1x10-2 % 
w/w) and DSPG-Na (5x10-3 % w/w)). Rheology measurements correspond to data analysis of 
time sweep measurements (time to cross-over, elastic (G') and viscous (G'') moduli and 
complex viscosity) and frequency sweep measurements (power law exponent, n ). (mean ± 
s.d., n=3). 

  Maximum (N/m) (x1000)              
Native BSA (0.5 mM) + 

Excipients 
Time to cross-

over (min) 
Elastic 

modulus 
 (G') 

Viscous 
modulus 

(G'') 

Complex 
dynamic 
viscosity 

(Ns/m) (x1000) 

Power law 
exponent*  

( n ) 

Native BSA alone 4 ± 2 27 ± 2 10 ± 1 45 ± 3 -0.812 ± 0.010 
      

Native BSA + DPPC  
(1x10-4 % w/w) 

 

6 ± 4 20 ± 10 8 ± 2 34 ± 16  -0.738 ± 0.080  

Native BSA + DPPC  
(5x10-4 % w/w) 

 

6 ± 1 10 ± 5 4 ± 2 18 ± 9 -0.740 ± 0.040 

Native BSA + DPPC  
(1x10-3 % w/w) 

 

3 ± 1 < 1 < 1 < 1 n/a 

Native BSA + DSPG-Na  
(5x10-3 % w/w)  

 

6 ± 2 
 

< 1 < 1 < 1 n/a  

Native BSA + DSPC  
(1x10-2 % w/w) 

 

3 ± 1 < 1 < 1 < 1  n/a 

n/a: not applicable. (*) power law exponent ( n ) close to one means the final film has a more solid-like 
property).  
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Table 5.4  Tukey’s test analysis for native BSA alone (0.5 mM) vs. native BSA (0.5 mM) in 
the presence of phospholipids (DPPC (1x10-4 % w/w, 5x10-4 % w/w and 1x10-3 % w/w), 
DSPC (1x10-2 % w/w) and DSPG-DSPG-Na (5x10-3 % w/w)). Tukey’s test analysis was 
performed for solutions showing significant differences in the one-way ANOVA test (P < 
0.05). 
 

 Native BSA 
alone vs. 

Native BSA 
+ DPPC 

(1x10-4 % 
w/w) 

Native BSA 
alone vs.  

Native BSA 
+ DPPC 

(5x10-4 % 
w/w) 

Native BSA 
alone vs. 

Native BSA 
+ DPPC 

(1x10-3 % 
w/w) 

Native BSA + 
DPPC (1x10-4 

% w/w) vs. 
Native BSA + 
DPPC (5x10-4 

% w/w) 

Native BSA + 
DPPC (1x10-4 

% w/w) vs. 
Native BSA + 
DPPC (1x10-3 

% w/w) 

Native BSA + 
DPPC (5x10-4 

% w/w) vs. 
Native BSA + 
DPPC (1x10-3 

% w/w) 
Viscous 
modulus 

(G'') (N/m) 
 
 

P>0.05 P<0.05 n/a P>0.05 n/a n/a 

Complex 
viscosity 
(Ns/m) 

 

P>0.05 P<0.05 n/a P>0.05 n/a n/a 

Oscillation 
torque 
(mNm) 

 

P>0.05 (G') 
P>0.05 (G'') 

P<0.05 (G') 
P<0.05 (G'') 

n/a P>0.05 (G') 
P>0.05 (G'') 

n/a n/a 

G': elastic and G'': viscous moduli. n/a: not applicable.  
 
 

The maximum value of complex viscosity was achieved faster for native BSA in the presence 

of DPPC than for native BSA alone (Figure 5.8). After two hours, the complex viscosity for 

native BSA in the presence of DPPC at 5x10-4 % w/v (18 ± 9 mNs/m) and DPPC at 1x10-3 % 

w/v (1 ± 0.2 mNs/m) were lower than for native BSA alone (45 ± 3 mNs/m) (Figure 5.8 and 

Table 5.3). The decrease in the magnitude of the G' and G'' moduli and the complex viscosity 

could represent desorption of protein from the oil-water interface and the loss of the 

multilayer film. Statistical analysis showed that the difference in the magnitude of complex 

viscosity between native protein alone and native protein in the presence of DPPC (5x10-4 % 

w/v and 1x10-3 % w/v) was significant as determined by one-way ANOVA (P < 0.05). 

However, a post-hoc Tukey’s test showed that the magnitude of complex viscosity was only 

significantly different between native protein alone and native protein in the presence of 

DPPC (5x10-4 % w/v) (P<0.05) (Table 5.3). The magnitude of complex viscosity between 

native BSA in the presence of DPPC (1x10-4 % w/v) and native BSA in the presence of DPPC 

(5x10-4 % w/v) were not significantly different as shown by the Tukey’s test (P > 0.05) 

(Table 5.4). 
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Figure 5.8 Complex viscosity (open symbols) as a function of time for native BSA alone 

(0.5 mM) () vs. native BSA (0.5 mM) in the presence of DPPC at different 
concentrations at the oil-water interface: 1x10-4 % w/v () (CV = 46.1 %), 
5x10-4 % w/v () (CV = 34.8 %) and 1x10-3 % w/v () (CV = 130 %). 
Complex viscosity is in logarithmic scale.  

 
 
The time to cross-over for native BSA in the presence of DPPC were 6 ± 4 min (1x10-4 % 

w/v), 6 ± 1 min (5x10-4 % w/v) and 3 ± 1 min (1x10-3 % w/v) (Table 5.3). Statistical analysis 

showed that differences in time to cross-over between native protein alone and native protein 

in the presence of DPPC (1x10-4 % w/v, 5x10-4 % w/v and 1x10-3 % w/v) were not significant 

as determined by one-way ANOVA (P > 0.05). 

 

The frequency sweep measurements showed that the power law exponents for native BSA in 

the presence of DPPC at 1x10-4 % w/v and 5x10-4 % w/v were 0.738 ± 0.080 and 0.740 ± 

0.040 respectively (Table 5.3). Statistical analysis showed that the differences in the power 

law exponent between native protein alone and native protein in the presence of DPPC (1x10-

4 % w/v and 5x10-4 % w/v) were not significant as determined by one-way ANOVA (P > 

0.05). Native BSA in the presence of DPPC at 1x10-3 % w/v showed no evidence of 

interfacial film formation, indicated by the low values of G' and G'' moduli, after two hours of 

protein adsorption so that the frequency sweep measurements were not performed for this 

solution. 

 

Strain amplitude-sweep experiments (Figure 5.9) showed the oscillation torque at which the 

multilayer was disrupted for native BSA in the presence of DPPC of 1x10-4 % w/v 4 ± 2 

mNm, and of 5x10-4 % w/v 2 ± 1 mNm. Statistical analysis showed that the differences in the 
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oscillation torque applied to the film between native protein alone and native protein in the 

presence of DPPC (1x10-4 % w/v and 5x10-4 % w/v) were significant as determined by one-

way ANOVA (P < 0.05). However, Tukey’s test analysis showed that the oscillation torque at 

which the multilayer was disrupted for native BSA in the presence of DPPC was only 

significantly different between native protein alone and native protein in the presence of 

DPPC (5x10-4 % w/v) (P < 0.05) (Table 5.4). Native BSA in the presence of DPPC at 1x10-3 

% w/v showed no evidence of interfacial film formation, indicated by the low values of G' 

and G'' moduli, after two hours of protein adsorption so that, the strain amplitude-sweep 

measurements were not performed for this solution. 

 

The adsorption of native BSA to the oil-water interface was also investigated using 

phospholipids with different head groups and length chain. Native BSA in the presence of 

DSPC (1x10-2 % w/v) and DSPG-Na (5x10-3 % w/v) showed a similar tendency to that of 

native BSA in the presence of DPPC (5x10-4 % w/v and 1x10-3 % w/v) reducing the 

magnitude of G' and G'' moduli and complex viscosity from 10-2 to 10-3-10-4 (N/m) 

(approximate values) within two hours of protein adsorption (Figures 5.10(A and B)).  

 

The time to cross-over for native protein in the presence of DPPC (1x10-3 % w/v), DSPC 

(1x10-2 % w/v) and DSPG-Na (5x10-3 % w/v) were 3 ± 1 min, 3 ± 1 min and 6 ± 2 min, 

respectively (Table 5.3). The differences in time to cross-over between native protein alone 

and native protein in the presence of any of these phospholipids (DPPC (1x10-3 % w/v), 

DSPC (1x10-2 % w/v) and DSPG-Na (5x10-3 % w/v)) were not significant as determined by 

one-way ANOVA (P > 0.05).  

 

There was no evidence of interfacial film formation at the interface after two hours of protein 

adsorption in the presence of phospholipids (i.e. DPPC (1x10-3 % w/v), DSPC (1x10-2 % w/v) 

and DSPG-Na (5x10-3 % w/v)). For that reason, frequency-sweep (e.g. power law exponent) 

and strain amplitude-sweep (e.g. resistant to breakage) measurements were not performed on 

these solutions. 
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Figure 5.9 Elastic G' (solid symbols) modulus as a function of the oscillation torque 

applied to the oil-water interface after two hours of adding protein. (A) Native 
BSA alone (0.5 mM) () and native BSA (0.5 mM) in the presence of DPPC 
at (B) 1x10-4 % w/v () (CV (G') = 57.9 % and (G'') 53.2 %) and (C) 5x10-4 

% w/v () (CV (G') = 34.2 % and (G'') 32.3 %). G' and G'' moduli and 
oscillation torque are in logarithmic scale.  
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Figure 5.10 Native BSA alone (0.5 mM) () vs. native BSA (0.5 mM) dissolved in the 

presence of different phospholipids at the oil-water interface: DPPC 1x10-3 % 
w/v () (CV (G') = 175 % and (G'') 172 %), DSPC 1x10-2 % w/v () (CV 
(G') = 85.0 % and (G'') 73.1 %) and DSPG-Na 5x10-3 % w/v () (CV (G') = 
329 % and (G'') 174 %): (A) Elastic G' (solid symbols) and viscous G'' (open 
symbols) moduli and (B) complex viscosity (open symbols) as a function of 
time. Complex viscosity is in logarithmic scale.  

  
 

5.3.1.4. Effect of polymers on the oil-water interfacial rheology 
measurements of native BSA (0.5 mM) 
The adsorption of proteins to the oil-water interface was investigated in the presence of two 

polymers added to the aqueous phase which have different solubility properties (i.e. 

PDMAEMA is a water soluble polymer while PBuA due to a polybutylacetate group 

decreased its water solubility, is practically insoluble).  

 

The addition of PDMAEMA and PBuA polymers (8.75x10-3 % w/v) to the protein solution 

reduced the magnitude of G' and G'' moduli from 27 ± 2 mN/m and 10 ± 1 mN/m, 
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respectively, for native BSA alone to 8 ± 3 mN/m (G' modulus) and 4 ± 1 mN/m (G'' 

modulus) for native BSA in the presence of PDMAEMA and 7 ± 10 mN/m (G' modulus) and 

3 ± 4 mN/m (G'' modulus) for native BSA in the presence of PBuA (Figure 5.11 and Table 

5.5). The differences of G' and G'' moduli between native protein alone and native protein in 

the presence of any of these polymers (PDMAEMA and PBuA 8.75x10-3 % w/v) groups were 

significant as determined by one-way ANOVA (P < 0.05). A post-hoc Tukey’s test showed 

that the G' moduli for solutions of native BSA alone and native BSA in the presence of 

polymers were significantly different from each other (P < 0.05) whereas the G'' moduli were 

only significantly different for native BSA alone and native BSA in the presence of PBuA (P 

< 0.05) (Table 5.6). Additionally, the Tukey’s test showed that the magnitude of G' and G'' 

moduli between native BSA in the presence of PBuA and native BSA in the presence of 

PDMAEMA were not significantly different from each other (P > 0.05) (Table 5.6).  
 

 
Figure 5.11 Elastic G' (solid symbols) and viscous G'' (open symbols) moduli as a function 

of time. Native BSA alone (0.5 mM) () vs. native BSA (0.5 mM) in the 
presence of polymers of different water solubility pH 7.4: PDMAEMA at 
8.75x10-3 % w/v () (CV (G') = 40.5 % and (G'') 24.1 %) and PBuA at 
8.75x10-3 % w/v () (CV (G') = 85.6 % and (G'') 69.4 %). G' and G'' moduli 
are in logarithmic scale.  

 

The time to cross-over for native BSA in the presence of PBuA and PDMAEMA (8.75x10-3 

% w/v) were 9 ± 0.3 min and 7 ± 2 min, respectively (Table 5.5). However, the difference of 

time to cross-over between native protein alone and native protein in the presence of these 

polymers (PDMAEMA and PBuA 8.75x10-3 % w/v) were not significantly different as 

determined by one-way ANOVA (P > 0.05).  
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Table 5.5 Data analysis of rheology measurements for native BSA in the presence of 
polymers (PDMAEMA (8.75x10-3 % w/v) and PBuA (8.75x10-3 % w/v)). Rheology 
measurements correspond to data analysis of time sweep measurements (time to cross-over, 
elastic (G') and viscous (G'') moduli and complex viscosity) and frequency sweep 
measurements (power law exponent, n ). (mean ± s.d.) (n=3). 
 

  Maximum (N/m) (x1000)   
Native BSA 
(0.5 mM) + 
Excipients 

Time to cross-
over (min) 

Elastic 
modulus 

(G') 

Viscous 
modulus  

(G'') 

Complex  
dynamic 
viscosity 

(Ns/m) (x1000) 

Power law 
exponent* 

 ( n ) 

Native BSA alone  
 
 

4 ± 2 27 ± 2 10 ± 1 45 ± 3 -0.812 ± 0.010 
 

Native BSA + 
PDMAEMA 

(8.75x10-3 % w/v) 
 

7 ± 2 8 ± 3 4 ± 1  15 ± 5 (-) 

Native BSA + PBuA  
(8.75x10-3 % w/v) 

 

9 ± 0.3 7 ± 10 3 ± 4 12 ± 17 (-) 

(-) value not calculated. (*) power law exponent ( n ) close to one means the final film has a more solid-like 
property).  
 
 

The complex viscosity for native BSA in the presence of PDMAEMA and PBuA (8.75x10-3 

% w/v) (15 ± 5 mNs/m and 12 ± 17 mNs/m respectively) were lower than for native BSA 

alone (45 ± 3 mNs/m) (Figure 5.12 and Table 5.5). The differences in complex viscosity 

between native protein alone and native protein in the presence of any of these polymers 

(PDMAEMA and PBuA 8.75x10-3 % w/v) were significant as determined by one-way 

ANOVA (P < 0.05). Tukey’s post-hoc test showed that the magnitude of complex viscosity 

for native BSA alone and native BSA in the presence of any of these polymers were 

significantly different from each other (P < 0.05) (Table 5.6). However, the magnitude of 

complex viscosity between native BSA in the presence of PBuA and native BSA in the 

presence of PDMAEMA were not significantly different (P > 0.05) (Table 5.6).  
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Figure 5.12 Complex viscosity as a function of time. Native BSA alone (0.5 mM) () vs. 

native BSA (0.5 mM) in the presence of polymers of different water solubility 
pH 7.4: PDMAEMA at 8.75x10-3 % w/v () (CV = 36.9 %) and PBuA at 
8.75x10-3 % w/v () (CV = 119 %) at the oil-water interface. Complex 
viscosity is in logarithmic scale. 

 
 
 
Table 5.6  Tukey’s test analysis for native BSA alone (0.5 mM) vs. native BSA (0.5 mM) in 
the presence of polymers (PDMAEMA (8.75x10-3 % w/v) and PBuA (8.75x10-3 % w/v)). 
Tukey’s test analysis was performed for solutions showing significant differences in the one-
way ANOVA test (P < 0.05). 

 Native BSA alone vs.                
Native BSA + PBuA 

(8.75x10-3 % w/v) 

Native BSA alone vs. 
Native BSA + PDMAEMA 

(8.75x10-3 % w/v) 

Native BSA + PBuA 
(8.75x10-3 % w/v) vs. 

Native BSA + 
PDMAEMA (8.75x10-3 

% w/v) 
Elastic modulus (G') 

(N/m) 
 

P<0.05 P<0.05 P>0.05 

Viscous modulus (G'') 
(N/m) 

 

P<0.05 P>0.05 P>0.05 

Complex viscosity 
(Ns/m) 

 

P<0.05 P<0.05 P>0.05 
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5.3.2. Pendant drop tensiometer studies: Investigating the interfacial 
tension of proteins in the presence of excipients 

5.3.2.1. Interfacial tension measurements of native BSA alone (0.5 
mM) 
The value of IFT for native BSA protein (0.5 mM) was studied for one hour as shown in 

Figure 5.13. The value of IFT30 and the initial slope (over the first three minutes) (mean ± 

s.d., n=3) were used to investigate the effect of native BSA protein in the oil-water interface. 

The IFT30 for native BSA alone was 7.6 ± 0.2 mN/m showing an initial slope (over the first 

three minutes) of -0.468 ± 0.080 N/m/min. In comparison, control experiments in the absence 

of proteins gave an IFT at t=20 minutes of 18.0 ± 1.3 mN/m. 

 

 
Figure 5.13 IFT (mN/m) as a function of time for native BSA alone (0.5 mM) (CV = 6.2 

%) (n=3). 
 

5.3.2.2. Effect of NaCl on the oil-water interfacial tension 
measurements of native BSA (0.5 mM) 
Native BSA in the presence of NaCl (0.1 M, 0.5 M and 1 M) showed a lower IFT than native 

BSA alone (Figure 5.14). The decrease in the IFT was NaCl concentration dependent. The 

IFT30 decreased significantly more for solutions containing NaCl (6.8 ± 0.1 mN/m (NaCl 0.1 

M), 5.6 ± 0.1 mN/m (NaCl 0.5 M) and 4.7 ± 0.01 mN/m (NaCl 1 M)) than for native BSA 

alone (7.6 ± 0.2 mN/m) (Table 5.7). The differences of IFT30 for native protein alone and 

native protein in the presence of NaCl (0.1 M, 0.5 M and 1 M) were significant as determined 

by one-way ANOVA (P < 0.05). Moreover, Tukey’s post-hoc test confirmed that the 
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decrease in the IFT30 for all these solutions were significantly different from each other (P < 

0.001) (Table 5.8). 

 
Figure 5.14 IFT mN/m as a function of time with (right) and without (left) error bars. 

Native BSA alone (0.5 mM) () vs. native BSA (0.5 mM) dissolved in the 
presence of NaCl at 0.1 M () (CV = 5.4 %), 0.5 M () (CV = 4.6%) and 1 
M () (CV = 6.2 %). (n=3). 

 
 
Table 5.7 Data analysis of interfacial tension measurements for native BSA in the presence 
of NaCl (0.1 M, 0.5 M and 1 M). IFT measurements illustrate the initial slope (over the first 
three minutes) and the IFT30 values (mean ± s.d.) (n=3). 
 

Native BSA  
(0.5 Mm) + Excipients 

Initial slope 
(N/m/min)  
(t=3 min) 

IFT 30 (mN/m) 

Native BSA alone - 0.468 ± 0.080 7.6 ± 0.2 
   

Native BSA +  NaCl (0.1 M) -0.464 ± 0.070 6.8 ± 0.1 
   

Native BSA + NaCl (0.5 M) -0.493 ± 0.010 5.6 ± 0.1 
   

Native BSA + NaCl (1.0 M) 
 

-0.387 ± 0.020 4.7 ± 0.01 

 
Table 5.8  Tukey’s test analysis results for native BSA alone (0.5 mM) vs. native BSA (0.5 
mM) in the presence of NaCl at 0.1 M, 0.5 M and 1 M. Tukey’s test analysis was performed 
for solutions showing significant differences in the one-way ANOVA test (P < 0.05). 
 

 Native BSA 
alone vs.    

Native BSA 
+ NaCl  
(0.1 M) 

Native BSA 
alone vs. 

Native BSA 
+ NaCl  
(0.5 M) 

Native BSA 
alone vs. 

Native BSA 
+ NaCl  
(1 M) 

Native BSA + 
NaCl (0.1 M) 

vs. Native 
BSA +  NaCl 

(0.5 M) 

Native BSA 
+ NaCl  

(0.1 M)    vs. 
Native BSA 

+  NaCl  
(1 M) 

Native BSA + 
NaCl (0.5 M) 
vs.   Native 
BSA+ NaCl  

(1 M) 

IFT30 P<0.001 P<0.001 P<0.001 P<0.001 P<0.001 P<0.001 
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The initial slope (over the first three minutes) describing the decrease in the IFT between zero 

and three minutes showed similar values for native BSA alone (-0.468 ± 0.070 N/m/min) and 

BSA in the presence of NaCl at 0.1 M (-0.464 ± 0.070 N/m/min). The values of the initial 

slope for native BSA in the presence of NaCl at 0.5 M and 1 M were -0.493 ± 0.010 N/m/min 

and -0.387 ± 0.020 N/m/min respectively. Statistical analysis showed that the differences of 

initial slope between native protein alone and native protein in the presence of NaCl (0.1 M, 

0.5 M and 1 M) were not significant as determined by one-way ANOVA (P > 0.05).  

 

5.3.2.3. Effect of phospholipids on the oil-water interfacial tension 
measurements of native BSA (0.5 mM)  
Native BSA (0.5 mM) in the presence of DPPC decreased the IFT30 more than native BSA 

alone (Figure 5.15). The decrease in the IFT30 for native BSA in the presence of DPPC was: 

7.2 ± 0.04 mN/m (1x10-4 % w/v), 7.4 ± 0.04 mN/m (5x10-4 % w/v) and 7.3 ± 0.04 mN/m 

(1x10-3 % w/v) (Table 5.9). Statistical analysis showed that the differences in IFT30 between 

native protein alone and native protein in the presence of DPPC (1x10-4 % w/v, 5x10-4 % w/v 

and 1x10-3 % w/v) were significant as determined by one-way ANOVA (P < 0.05). A 

Tukey’s post-hoc test showed that the differences in the IFT30 between native BSA alone and 

native BSA in the presence of DPPC (1x10-4 % w/v and 1x10-3 % w/v) were significant (P < 

0.01 and P < 0.05 respectively) whereas the decrease in the IFT30 between native BSA alone 

and native BSA in the presence of DPPC (5x10-4 % w/v) were not significantly different (P > 

0.05) (Table 5.10). The post-hoc Tukey’s test also showed that the decrease in the IFT30 for 

native BSA in the presence of DPPC at any concentration (1x10-4 % w/v, 5x10-4 % w/v and 

1x10-3 %) were not significantly different from each other (P > 0.05) (Table 5.10). 

 

The initial slope in the IFT (over the first three minutes) for native BSA in the presence of 

DPPC was: -0.507 ± 0.020 N/m/min (1x10-4 % w/v), -0.579 ± 0.050 N/m/min (5x10-3 % w/v) 

and -0.557 ± 0.070  N/m/min (1x10-3% w/v) (Table 5.9). Statistical analysis showed that the 

differences of the initial slope in the IFT (over the first three minutes) between native protein 

alone and native protein in the presence of DPPC (1x10-4 % w/v, 5x10-4 % w/v and 1x10-3 % 

w/v) were not significant as determined by one-way ANOVA (P > 0.05). 
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Table 5.9 Data analysis of interfacial tension measurements for native BSA in the presence 
of phospholipids (DPPC (1x10-4 % w/w, 5x10-4 % w/w and 1x10-3 % w/w), DSPC (1x10-2 % 
w/w) and DSPG-Na (5x10-3 % w/w)). IFT measurements illustrate the initial slope (over the 
first three minutes) and the IFT30 values (mean ± s.d) (n=3). 
 

Native BSA (0.5 mM) 
+ Excipients 

 

Initial slope  
(N/m/min) 
 (t=3 min) 

IFT 30  
(mN/m) 

Native BSA alone 
 
 

- 0.468 ± 0.080 7.6 ± 0.2 
 

Native BSA + DPPC  
(1x10-4 % w/w) 

 

-0.507 ± 0.020 7.2 ± 0.04 

Native BSA + DPPC  
(5x10-4 % w/w) 

 

-0.579 ± 0.050 7.4 ± 0.04 

Native BSA + DPPC  
(1x10-3 % w/w) 

 

-0.557 ± 0.070 7.3 ± 0.04 

Native BSA + DSPG-
Na (5x10-3 % w/w)  

 

-0.469 ± 0.050 7.0 ± 0.03 

Native BSA + DSPC  
(1x10-2 % w/w) 

 

-0.401 ± 0.060 6.7 ± 0.1 

 

 

Table 5.10  Tukey’s test analysis for native BSA alone (0.5 mM) vs. native BSA (0.5 mM) in 
the presence of phospholipids (DPPC (1x10-4 % w/w, 5x10-4 % w/w and 1x10-3 % w/w), 
DSPC (1x10-2 % w/w) and DSPG-Na (5x10-3 % w/w)). Tukey’s test analysis was performed 
for solutions showing significant differences in the one-way ANOVA test (P < 0.05). 

 
 Native BSA 

alone vs. 
Native BSA + 
DPPC (1x10-4 

% w/w) 

Native BSA 
alone vs.  

Native BSA + 
DPPC (5x10-4 

% w/w) 

Native BSA 
alone vs. 

Native BSA 
+ DPPC 

(1x10-3 % 
w/w) 

Native BSA + 
DPPC (1*10-4 

% w/w) vs. 
Native BSA + 
DPPC (5x10-4 

% w/w) 

Native BSA + 
DPPC (1*10-4 % 
w/w) vs. Native 
BSA + DPPC 

(1x10-3 % w/w) 

Native BSA + 
DPPC (5*10-4 % 
w/w) vs. Native 
BSA + DPPC 

(1x10-3 % w/w) 

IFT30 P<0.01 P>0.05 P<0.05 P>0.05 P>0.05 P>0.05 

 

 
 

 Native BSA 
alone vs. 

Native BSA 
+ DSPG-Na 
(5x10-3 % 

w/w) 
 

Native BSA 
alone vs.  

Native BSA 
+ DSPC      

(1x10-2 % 
w/w) 

Native BSA 
alone vs.  

Native BSA 
+ DPPC      

(1x10-3 % 
w/w) 

Native BSA + 
DSPC (1*10-2 % 
w/w) vs. Native 
BSA + DSPG-
Na (5x10-3 % 

w/w) 

Native BSA + 
DPPC (1*10-3 % 
w/w) vs.  Native 
BSA + DSPG-
Na (5x10-3 % 

w/w) 

Native BSA + 
DSPC (1*10-2 % 
w/w) vs.  Native 
BSA +  DPPC            
(1x10-3 % w/w) 

IFT30 P<0.001 P<0.001 P<0.05 P>0.05 P<0.01 P<0.001 
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The decrease in the IFT30 for native BSA in the presence of DPPC (1x10-3 % w/v), DSPC 

(1x10-2 % w/v) and DSPG-Na (5x10-3 % w/v) were 7.3 ± 0.04 mN/m, 6.7 ± 0.1 mN/m) and 

7.0 ± 0.03 mN/m respectively (Figure 5.15 and Table 5.9). Statistical analysis showed that 

the decrease in the IFT30 for native BSA in the presence of phospholipids with different head 

groups and chain lengths (DPPC (1x10-3 % w/v), DSPC (1x10-2 % w/v) and DSPG-Na (5x10-

3 % w/v)) were significantly different as determined by one-way ANOVA (P < 0.05). 

Additionally, a Tukey’s post-hoc test showed that the decrease of IFT30 for protein solutions 

was significantly different for all protein solutions with the exception of native BSA in the 

presence of DSPC (1x10-2 % w/v) vs. native BSA in the presence of DSPG-Na (5x10-3 % 

w/v) (P > 0.05) (Table 5.10).  
 

 
Figure 5.15 IFT (mN/m) as a function of time (with (right) and without (left) error bars). 

Native BSA (0.5 mM) () vs. native BSA in the presence of phospholipids: 
DPPC 1x10-3 % w/v () (CV = 5.6 %), DSPC 1x10-2 % w/v () (CV = 5.5 
%) and DSPG-Na 5x10-3 % w/v () (CV = 6.1 %) (n=3). 

 

 

The initial slope describing the drop in the IFT (over the first three minutes) for native BSA 

in the presence of DPPC (1x10-3 % w/v), DSPC (1x10-2 % w/v) and DSPG-Na (5x10-3 % w/v) 

was: -0.557 ± 0.070 N/m/min, -0.401 ± 0.060 N/m/min and -0.469 ± 0.050 N/m/min 

respectively (Table 5.9). Statistical analysis showed that the differences in initial slope (over 

the first three minutes) between native protein alone and native protein in the presence of 

phospholipids with different head groups and chain lengths (DPPC (1x10-3 % w/v), DSPC 

(1x10-2 % w/v) and DSPG-Na (5x10-3 % w/v) were not significant as determined by one-way 

ANOVA (P > 0.05). 
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5.3.2.4. Effect of polymers on the oil-water interfacial tension 
measurements of native BSA (0.5 mM) 
The decrease in the IFT for native BSA (0.5 mM) in the presence of the polymers 

PDMAEMA and PBuA is shown in Figure 5.16. The value of IFT30 for native BSA in the 

presence of PDMAEMA and PBuA (8.75x10-3 % w/v) was 7.0 ± 0.3 mN/m and 7.2 ± 0.1 

mN/m, respectively (Table 5.11). Statistical analysis showed that the values of IFT30 for 

native BSA in the presence of these polymers were not significantly different as described by 

one-way ANOVA (P > 0.05). 

 

 
 
Figure 5.16 IFT (mN/m) as a function of time. Native BSA alone (0.5 mM) () vs. native 

BSA (0.5 mM) in the presence of polymers of different water solubility: 
PDMAEMA at 8.75x10-3 % w/v () (CV = 6.2 %) and PBuA at 8.75x10-3 % 
w/v () (CV = 4.6 %) (n=3). 

 

 
Table 5.11 Data analysis of IFT measurements for native BSA in the presence of polymers 
(PDMAEMA (8.75x10-3 % w/v) and PBuA (8.75x10-3 % w/v)). IFT measurements illustrate 
the initial slope (over the first three minutes) and the IFT30 values (mean ± s.d.) (n=3). 
 

Native BSA (0.5 Mm) + Excipients Initial slope  
(N/m/min)  
(t=3 min) 

IFT 30  
(mN/m) 

 
Native BSA alone - 0.468 ± 0.080 7.6 ± 0.2 

 
 

Native BSA + PDMAEMA (8.75x10-3 % w/v) 
 

-0.334 ± 0.090 7.0 ± 0.3 
 
 

Native BSA + PBuA  
(8.75x10-3 % w/v) 

 

-0.237 ± 0.030 7.2 ± 0.1   
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The initial slope (over the first three minutes) describing the decrease in the IFT was higher 

for native BSA alone (-0.468 ± 0.070 N/m/min) than for native BSA in the presence of 

PDMAEMA (-0.334 ± 0.090 N/m/min) and for native BSA in the presence of PBuA (-0.237 

± 0.030 N/m/min). Statistical analysis showed that the difference of initial slope (over the 

first three minutes) between native protein alone and native protein in the presence of these 

polymers (PDMAEMA and PBuA) were significant as determined by one-way ANOVA (P < 

0.05). However, a post-hoc Tukey’s test showed that the initial slope (over the first three 

minutes) for protein solutions was only significantly different between native BSA alone and 

native BSA in the presence of PBuA (P < 0.05) (Table 5.12). 

 
 
Table 5.12  Tukey’s test analysis for native BSA alone (0.5 mM) vs. native BSA (0.5 mM) in 
the presence of polymers (PDMAEMA (8.75x10-3 % w/v) and PBuA (8.75x10-3 % w/v)). 
Tukey’s test analysis was performed for solutions showing significant differences in the one-
way ANOVA test (P < 0.05). 
 

 Native BSA alone vs.                
Native BSA + PBuA 

(8.75x10-3 % w/v) 

Native BSA alone vs. 
Native BSA + PDMAEMA 

(8.75x10-3 % w/v) 

Native BSA + PBuA (8.75x10-3 

% w/v) vs. Native BSA + 
PDMAEMA (8.75x10-3 % w/v) 

 
Initial slope 
(t=3 min) 

 

P<0.05 P>0.05 P>0.05 

 

 

5.3.3. FTIR spectroscopy studies: Investigating the secondary structure 
of proteins in the bulk solution after two hours of adsorption to the oil-
water interface 
FTIR spectroscopy was performed for the set of experiments showing detachment of native 

BSA from the oil-water interface due to the molecular interaction between BSA and 

excipients as shown from the interfacial rheology studies. This analysis was specifically 

performed for native BSA in the presence of phospholipids (DPPC 1x10-3 % w/v, DSPC 

1x10-2 % w/v and DSPG-Na 5x10-3 % w/v) and polymers (PDMAEMA and PBuA (8.75x10-3 

% w/v)) (Figures 5.10(A) and 5.11). 

 
FTIR spectroscopy was used to investigate the secondary structure of native BSA alone at t = 

0 and after two hours of protein adsorption. The amide I band (1700 – 1600 cm-1) was pre-

processed using the 2ndD (Savitzky-Golay with 11 points smoothing), BC and AN to unit area 

(Chapter 2 sections 2.2.4.2, 2.2.4.3 and 2.2.4.5). This analysis was conducted to investigate 
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whether there was a change in secondary structure in BSA in the bulk solution. 48,65. FTIR 

spectroscopy of the amide I band showed no evidence of physical denaturation of proteins or 

intermolecular β-sheet structures during the time scale of these experiments. Amide I spectra 

were similar for aliquots taken at t = 0 and after two hours of protein adsorption to the oil-

water interface (Figure 5.17). 

 

 

 
Figure 5.17 FTIR spectra showing the typical amide I band of native BSA (0.5 mM) after 

two hours of protein adsorption to the oil-water interface. Spectra correspond 
to BSA aliquots taken from the bulk solution of the rheometer (Delrin® 
trough). Native BSA alone t=0 (straight line) and t=2 h (dashed line). Original 
spectra were pre-processed using 2ndD, BC and AN.  

 
 
FTIR spectroscopy was used to investigate the secondary structure of proteins at the bulk 

solution after two hours of protein adsorption to the oil-water interface in the presence of 

phospholipids (DPPC (1x10-3 % w/v), DSPC (1x10-2 % w/v) and DSPG-Na (5x10-3 % w/v)). 

FTIR spectra showed that desorbed BSA from the oil-water interface kept its secondary 

structure giving similar spectra than for native BSA alone (Figure 5.18). Moreover, FTIR 

spectra showed the α-helix band at around 1656 cm-1 without bands at around 1600-1630 cm-

1 attributed to appearance of intermolecular β-sheet structures or aggregate content 48,65.  
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Figure 5.18 FTIR spectra showing the typical amide I band of native BSA (0.5 mM) after 

two hours of protein adsorption to the oil-water interface. Spectra correspond 
to BSA aliquots taken from the bulk solution of the rheometer (Delrin® 
trough). Native BSA alone t=0 (straight line) vs. native BSA in the presence of 
phospholipids t= 2 h: DPPC 1x10-3 % w/v (short dashed line), DSPC 1x10-2 % 
w/v (dotted line), DSPG-Na 5x10-3 % w/v (dashed line). Original spectra were 
pre-processed using 2ndD, BC and AN.  

 
 

FTIR spectra of native BSA in the presence of PDMAEMA (8.75x10-3 % w/v) showed a 

similar amide I spectra than for native BSA alone without evidence of aggregated proteins 

(Figure 5.19). However, the spectra of native BSA in the presence of PBuA (8.75x10-3 % 

w/v) showed to decrease α-helix intensity (around 1656 cm-1) after two hours of protein 

adsorption which may be attributed to change in native protein conformation (e.g. partially 

unfolded BSA). However, bands at around 1600-1630 cm-1 attributed to appearance of 

intermolecular β-sheet structures and loss of secondary structure were not observed 48,65 

(Figure 5.19).  
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Figure 5.19 FTIR spectra showing the typical amide I band of native BSA (0.5 mM) after 

two hours of protein adsorption to the oil-water interface. Spectra correspond 
to BSA aliquots taken from the bulk solution of the rheometer (Delrin® 
trough). Native BSA alone t=0 (straight line) vs. native BSA (0.5 mM) in the 
presence of polymers of different water solubility: PDMAEMA at 8.75x10-3 % 
w/v (dotted line) and PBuA at 8.75x10-3 % w/v (dashed line). Original spectra 
were pre-processed using 2ndD, BC and AN.  
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5.4. Discussion  
In Chapter 4 interfacial rheology (DWR) and IFT measurements were used to detect changes 

in protein adsorption in the presence of small amounts of heat-denatured protein. The work 

described in this Chapter examines the use of these techniques to detect changes in protein 

adsorption caused by excipients commonly present in protein formulations like NaCl, 

phospholipids and polymers. As discussed in Chapter 4, protein molecules, upon adsorption 

to an oil-water interface may adopt unfolded conformations, change the oil-water interfacial 

properties, and/or interact with the surrounding protein molecules to form a network 98. The 

stages in protein adsorption to interfaces are described as induction (regime I), monolayer 

saturation (regime II) and interfacial gelation (regime III) 93,95,102. Proteins may spontaneously 

diffuse from the bulk solution to the interface giving a monolayer which may further evolve 

to a multilayer. The spontaneous diffusion of proteins from the bulk solution to the interface 

is a consequence of the free energy since the energy in the bulk solution is higher than at the 

interface 212,227. Adsorbed proteins may change its secondary structure to adopt a more 

energetically favorable conformation of their hydrophobic and hydrophilic groups 221.  

 

After gelation, protein adsorption to interfaces is often considered an irreversible process 
92,102. This was in agreement with results obtained in this Chapter where solutions of native 

proteins alone formed an irreversible multilayer at the oil-water interface in the time scale of 

these experiments (Figure 5.3(A) and 5.13). The irreversibility of the multilayer has been 

reported by dilution of the bulk phase without evidence of protein desorption from the 

interface 102,228. The adsorption of proteins to interfaces is affected by excipients interacting 

with proteins and the interface 217,222. The interaction between proteins and excipients may be 

initially explained if excipients and protein molecules compete to reach the oil-water 

interface 217. The presence of excipients may affect the adsorption of proteins because 

excipients can remove or desorb the adsorbed protein 108. Proteins adsorbed to the oil-water 

interface forming a viscoelastic film whereas excipients used here (i.e. NaCl, phospholipids 

and polymer) are not able to form the viscoelastic film by themselves giving low values in the 

magnitude of G' and G'' moduli (data no shown). Therefore, this measurement may 

correspond to noise 93 and modification in the protein adsorption behavoiur to the oil-water 

interface in the presence of these excipients could be attributed to interactions between 

molecules of proteins and excipients. In this Chapter, protein adsorption to interfaces in the 

presence of excipients was investigated using sequential adsorption (for phospholipids) and 
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simultaneous adsorption (for NaCl and polymers) 228 of proteins and excipients to the oil-

water interface.  

 

Desorption of protein from liquid or solid interfaces in the presence of excipients has been 

explained by two competitive mechanisms: solubilisation and replacement 236. In 

solubilisation, a water soluble excipient present in the bulk solution increases the solubility of 

the adsorbed protein forming a protein-excipient complex that removes the adsorbed protein 

from the interface. The interaction between excipient and adsorbed protein is higher than for 

excipient and surface. In contrast, replacement occurs when the excipient has more affinity 

for the surface than for the adsorbed protein and the excipient removes the adsorbed protein 

from the interface due to competitive displacement 236. Commonly, these two mechanisms are 

combined and excipients interact with adsorbed protein by hydrophobic interactions forming 

a protein-excipient complex at the interface and then, the remaining free molecules of 

excipient near the interface produce a competition between molecules of the protein-excipient 

complex attached to the interface and free molecules of excipient near the interface. This 

competition may finally remove the adsorbed protein. However, adsorbed proteins are 

removed from the interface only if a high amount of proteins form a protein-excipient 

complex and desorbed proteins are changed by free excipients molecules 228.  

 

In this Chapter, a rheometer with DWR geometry and a pendant drop tensiometer methods 

were used as complementary techniques to investigate the mechanism and kinetics of protein 

adsorption to the oil-water interface in the presence of excipients like salts, phospholipids and 

polymers. The results suggested that the presence of these excipients may affect the 

interfacial film preventing the formation of the interfacial film or modifying the molecular 

structure of the interfacial network. The explanations for these results could be based on 

intrinsic characteristics of the protein itself (conformation, molecular flexibility, size, charge 

and surface activity), the interaction between excipients and proteins as well as the 

hydrophobicity of the oil-water interface.  

 

The decrease in the IFT was studied for native BSA in the presence or absence of excipients 

during one hour (Figures 5.13 - 5.16). Differences in the IFT equilibrium time were observed 

between solutions. Therefore, the decrease in the IFT was studied after 30 minutes of protein 

adsorption to the oil-water interface. The value of IFT30 was useful to compare the decrease 

in the IFT for all these solutions at the same time.  
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5.4.1. Effect of excipients on protein adsorption to interfaces 
Protein formulations should minimize the presence of unfolded and aggregated proteins. 

Excipients are used in protein formulations to reduce aggregated proteins using internal and 

external mechanisms. The internal mechanism changes the structure of proteins using 

chemical reactions whereas external mechanism modifies the surrounding environment of 

proteins using excipients 39.  

 

5.4.1.1. Native BSA in the presence of salt 
The presence of salts in protein formulations may affect the physical stability of the protein 

which depends on the protein type and concentration, ionic interactions and charged groups 

of proteins 24,222. Neutral salts show a different behavior when they are added to protein 

solutions at low or high concentration. At low concentration (i.e. 0.1-0.15 M), salts interact 

with charged groups of proteins affecting the electrostatic interaction between proteins 112,115. 

At high concentrations, salts in the presence of proteins have an osmotic effect which may 

change the thermodynamic properties of water 90. The electrostatic effect of salts can be 

divided in salt hydration or non-specific electrostatic shielding (at high salt concentration) 

and specific ion binding to protein (at low salt concentration) 21,24. Depending on the presence 

of repulsive or attractive forces affecting protein stability, the shielding effect may stabilize 

or destabilize proteins due to salt bridges 24.  

 

Modification in the electrostatic forces attaches proteins strongly to the interface 89 which 

may affect the physical stability of proteins 222. This could explain the increase in the 

magnitude of the G' modulus for native BSA in the presence of NaCl 0.1 M in comparison 

with native BSA alone ((Figures 5.4 and 5.5) and Table 5.1). This result could be attributed 

to an increase in protein adsorption to the oil-water interface and surface activity of native 

BSA due to electrostatic interaction between proteins and NaCl 234.  

 

NaCl was used to investigate the effect of the ionic strength in the competition of protein 

molecules to the interface 115. Zhang et al. (2004) reported that proteins (i.e. skim milk power 

and whey protein isolate) in the presence of low concentration of NaCl (i.e. 0 - 0.4 M) did not 

affect the competition between protein molecules to reach the interface 115. This is partially in 

agreement with rheology results presented in this Chapter where the time to cross-over, G'' 

modulus and the power law exponent between native BSA alone and native BSA in the 
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presence of NaCl (0.1 M) did not show significant differences. However, the amount of 

protein adsorbed to the interface may be related to the saturation of the multilayer (or 

magnitude of G' modulus) which was considerably higher for native BSA in the presence of 

NaCl (0.1 M) than for native BSA alone (P < 0.001). Rheology results were in agreement 

with Tantipolphan et al. (2007) who found that the adsorption of BSA to hydrophobic surface 

was increased in the presence of NaCl (0.1 M) 239.  

 

Protein adsorption to the oil-water interface in the presence of NaCl (0.1 M) could be also 

explained by small amounts of ionic excipients (e.g. NaCl) contributing to attach proteins to 

interfaces stronger than for protein alone. In fact, proteins in the presence of ionic excipients 

at low concentration (5x10-7 - 10-6 M) have showed to increase the shear viscosity due to 

increase in protein adsorption to interfaces 228. However, there were no significant differences 

in the magnitude of complex viscosity between native BSA alone and native BSA in the 

presence of NaCl at the lowest concentration (0.1 M). 

 

Zhang et al. (2004) reported that neutral salts added at high concentration (0.8 M) reduced 

the solubility of proteins due to the salting out effect 115. The salting out effect is used as 

method of protein separation. This method consists on the precipitation of proteins in aqueous 

solution by increasing the ionic strength of the solution using high concentration of salts like 

NaCl 240. This may explain rheology results showing that native BSA in the presence of NaCl 

(1 M) significantly decreased the maximum magnitude of G' and G'' moduli showing a 

delayed in the time to cross-over in comparison with native BSA alone ((Figures 5.4 and 

5.5) and Table 5.1)). This result was also in agreement with Tantipolphan et al. (2007) who 

found that BSA adsorbed more to solid interfaces in the presence of lower concentrations of 

NaCl (0.1 M) than in the presence of high NaCl concentrations (1 M) 239.  

 

The low value of the G' and G'' moduli could be interpreted as multilayer formation being 

saturated using less amount of protein molecules. This means that fewer molecules of free 

proteins are available in the bulk solution to be adsorbed to the interface in comparison with 

the amount of free NaCl (1 M). Additionally, the delay in the multilayer formation from 4 ± 2 

min for the native BSA alone to 29 ± 6 min for native BSA in the presence of NaCl (1 M) 

(Table 5.1) could be caused by protein complexation 228. This complex must be formed in the 

bulk solution between native BSA and NaCl molecules. The complex may delay the diffusion 

of free molecules of native BSA due to steric hindrance avoiding that native BSA reached the 
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oil-water interface. Moreover, the amount of free molecules of native BSA available after 

complexation must be considerable lower than for native BSA alone.  

 

Protein solutions including NaCl (1 M) may increase hydrophobic interactions between 

adsorbed proteins and excipients forming a complex in the interface which is less surface 

active than native protein alone. This complex may be further desorbed from the interface 

due to competitive adsorption 234. Initially, native BSA in the presence of NaCl (1 M) may be 

able to freely adsorb to the oil-water interface but the presence of NaCl (1 M) removes the 

adsorbed native BSA. Free molecules of native BSA present in the bulk solution are still able 

to be adsorbed to the interface replacing the desorbed protein. However, the amount of free 

native BSA that is able to adsorb in the presence of NaCl (1 M) is lower than for native BSA 

alone. This could explain the lower magnitude of G' and G'' moduli and the delay in the time 

to cross-over for native BSA in the presence of NaCl (1 M) in comparison with native BSA 

alone. On the other hand, excipients interacting with the hydrophobic groups of proteins in 

the bulk solution may decrease the affinity of proteins for the interface 217. This may also 

explain the decrease in the magnitude of G' and G'' moduli and the delay in the time to cross-

over in comparison with native BSA alone. 

 

Protein solutions containing a high concentration of salt may increase protein-protein 

interaction which in turn may influence protein aggregation 239. As there was no evidence of 

protein desorption from the oil-water interface in the presence of NaCl using rheology 

studies, FTIR spectroscopy was not used to investigate changes in the secondary structure of 

protein after two hours of protein adsorption to the oil-water interface. Additionally, 

Tantipolphan et al. (2007) reported that BSA in the presence of NaCl (1 M) showed similar 

fluorescence spectra and size exclusion chromatograms than native BSA alone after four 

hours 239. This may support the fact that native BSA in the presence of NaCl (1 M) should not 

affect the secondary structure of the protein.  

 

The power law exponent decreased with the increase of NaCl from 0.1 M to 1 M. This means 

that the viscoelastic film has a less solid-like behaviour after two hours of protein adsorption 

to the oil-water interface in the presence of NaCl than for native BSA alone. This result could 

be explained because NaCl at the highest concentration (1 M) reduces protein solubility due 

to the salting out effect 115. Additionally, native BSA in the presence of NaCl (1 M) may 

decrease protein adsorption to interfaces giving a viscoelastic film which forms a less 
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compact structure than for native BSA alone. This may also be attributed to the fewer free 

molecules of native BSA available to be adsorbed in the oil-water interface than for native 

BSA alone as a consequence of protein complexation in the bulk solution.   

   

The drop of IFT30 measurements for native BSA in the presence of NaCl was concentration 

dependent decreasing significantly more for native BSA at the highest concentration of NaCl 

(1 M) than for native BSA alone. It has been reported that small excipients (i.e. molecules of 

small size) reduce the IFT more at high concentrations giving a more densely packed layer 
217. This is partially in agreement with results presented in this Chapter. Native BSA in the 

presence of NaCl at the highest concentration (1 M) reduced the IFT30 significantly more than 

native BSA alone (P < 0.001) however, the value of the power law exponent which explains 

the density of the packed film between native BSA alone and the native BSA in the presence 

of NaCl showed no significant differences (P > 0.05) (Table 5.2).  

 

5.4.1.2. Native BSA in the presence of phospholipids 
Phospholipids are molecules widely found in biological membranes 224 which have an 

hydrophilic head and hydrophobic tail giving a partition between the aqueous and the oil 

phases of the interface 212. This characteristic makes phospholipids an useful carrier for 

protein drugs since phospholipids can form a bilayer 241,242 that protect hydrophobic groups of 

proteins within their core. The oil-water system is a model environment in which interfacial 

rheological measurements can be made. Protein formulations tend to be nanoparticulate, but 

proteins will be exposed to hydrophobic surfaces. Proteins as drugs may be formulated as 

part of oil-water emulsions since emulsions keep protein stability and are a suitable form of 

route of administration 73,242,243. In this Chapter the effect of phospholipids on the adsorption 

of native BSA to the oil-water interface was investigated increasing the concentration of 

phospholipids in the oil phase as well as comparing the effect of phospholipids of different 

head groups and chain lengths.  

  

Protein adsorption to interfaces in the presence of phospholipids is commonly studied mixing 

proteins and phospholipids together in the bulk solution 224,234. In this study, the adsorption of 

proteins and phospholipids were investigated using different phases (i.e. protein was 

dissolved in the aqueous phase while phospholipids were dissolved in the oil phase). 

Therefore, native BSA and phospholipids were simultaneously adsorbed to the oil-water 
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interface 224. These experiments avoided the interaction between proteins and phospholipids 

in the bulk solution as well as the sequential adsorption of the complex formed by proteins 

and phospholipids in the bulk solution which may influence the mechanism of protein 

adsorption to interfaces 224,234.  

 

The mechanism of protein adsorption to interfaces in the presence of phospholipids is 

described to be dependent on the component ratio (e.g. proteins or phospholipids) 224,234. In 

this work, the protein concentration was kept constant at 0.5 mM while the concentration of 

each phospholipid was gradually increased to study protein desorption within two hours. The 

concentration of phospholipids used in this thesis was lower than for native BSA. In 

particular, the concentration of phospholipids was increased from 1x10-4 % w/v until the 

rheology studies showed a considerable decrease in the magnitude of G' and G'' moduli and 

complex viscosity within two hours. The decrease in G' and G'' moduli and complex viscosity 

were attributed to an entire desorption of protein from the interface giving a similar scatter in 

the data than for the oil-water interface alone (i.e. without protein) (Appendix F). The scatter 

showed in Appendix F is in agreement with the scatter showed by Baldursdottir et al. (2010) 

for the air-water interface alone (without protein) 93. Rheology studies of native BSA in the 

presence of DPPC (1x10-4 % w/v, 5x10-4 % w/v and 1x10-3 % w/v) showed that desorption of 

protein from the oil-water interface was concentration dependent, that is faster for native 

BSA in the presence of DPPC at the highest concentration (1x10-3 % w/v) (Figure 5.7 and 

5.8). A similar tendency was obtained for native BSA in the presence of increased 

concentrations of DSPG-Na and DSPC (data not shown).  

 

Protein desorption from the oil-water interface has been described as a sudden increase in the 

IFT values 227,228. In this Chapter, IFT measurements did not show desorption of proteins 

from the interface as was shown using the rheometer with the DWR attached. This may 

suggest that the pendant drop tensiometer may be a less sensitive technique than the 

rheometer to detect protein desorption from interfaces at the time scale of the experiments of 

this Chapter. In fact, the decrease in the IFT for native BSA in the presence of phospholipids 

was concentration dependent and it was constant for at least one hour (Figure 5.8(C)). 

Statistical analysis shows that the decrease in the IFT30 for native BSA in the presence of 

DPPC (1x10-4 % w/v, 5x10-4 % w/v and 1x10-3 % w/v) was significantly different in 

comparison to native BSA alone.  
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Phospholipids of different chain length and with different head groups were used to compare 

their influence on the protein adsorption to interfaces. Previous reports have described that 

the head groups of phospholipids have shown to influence more the protein adsorption to 

interfaces than its chain length groups 224,234. In this work, DPPC and DSPC were used to 

compare protein adsorption to the oil-water interface in the presence of phospholipids of 

similar head groups (phosphatidylcholine group) and different chain length (16 vs. 18 atoms 

of carbon respectively). Whereas, DSPG-Na and DSPC were used to compare protein 

adsorption to the oil-water interface in the presence of phospholipids with different head 

groups (phosphatidylglycerol vs. phosphatidylcholine respectively) and similar chain length 

(18 atoms of carbons) 244,245. The kinetics of protein adsorption to the oil-water interface in 

the presence of phospholipids was investigated using the same total concentration for DPPC, 

DSPC and DSPG-Na (1x10-3 % w/v) (data not shown). Results suggest that DPPC was the 

most efficient phospholipids to avoid protein adsorption to the oil-water interface. Whereas, 

native BSA in the presence of DSPC or DSPG-Na (1x10-3 % w/v) showed similar kinetics of 

adsorption than for native BSA alone, without evidence of protein desorption within two 

hours. These results also indicate that the head groups of phospholipids (phosphatidylcholine 

vs. phosphatidylglycerol) are more important in avoiding protein adsorption to interfaces than 

the increase in the chain length of phospholipids from 16 to 18 carbon atoms (DPPC vs. 

DSPC and DSPG-Na respectively).  

 

The FTIR spectra indicated that the desorbed proteins from an oil-water interface in the 

presence of phospholipids (DPPC (1x10-3 % w/v), DSPC (1x10-2 % w/v) and DSPG-Na 

(5x10-3 % w/v)) maintain their secondary structure stable (Figure 5.18). FTIR spectra of 

desorbed protein showed the typical bands of native proteins which are α-helix band around 

1656 cm-1 and absence of intermolecular β-sheet aggregates around 1600-1630 cm-1 48,65.  

 

Desorption of proteins in the presence of phospholipids could be explained by a mechanism 

of replacement where phospholipids are more surface active than proteins 236. In the 

mechanism of replacement, the most favorable interaction is between phospholipids and 

interfaces whereas interactions between proteins and phospholipids at the bulk solution to 

form a protein-phospholipids complex or, interactions between proteins and the oil-water 

interface are less favorable 236. In this work, phospholipids were dissolved in the oil phase 

whereas proteins were dissolved in the aqueous phase. Initially, protein adsorbed to the oil-
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water interfaces followed by a protein desorption from the oil-water interface at increased 

concentration of phospholipids. FTIR spectra of desorbed proteins in the presence of 

phospholipids did not show evidence of phospholipids interacting with native BSA in the 

bulk solution. This is because the typical band of phospholipids around 1765-1720 cm-1 

attributted to C=O group was not found in the FTIR spectra taken from the bulk solution after 

two hours of protein adsorption to the oil-water interface 239,246. If phospholipids and proteins 

were placed together in the aqueous phase, some of the molecules of phospholipids may 

interact with proteins forming a protein-phospholipids complex. The rest of the molecules of 

phospholipids must be freely dissolved in the bulk solution which could compete for the oil-

water interface with free molecules of proteins and protein-phospholipids complex in the bulk 

solution. FTIR spectra should confirm the presence of phospholipids in the bulk solution 

giving phospholipids bands around 1765-1720 cm-1 attributted to C=O group.  

 

Desorption of protein from the interface is concentration dependent 228. This was in 

agreement with rheology results of native BSA protein in the presence of high concentration 

of phospholipids (DPPC (1x10-3 % w/v), DSPC (1x10-2 % w/v) and DSPG-Na (5x10-3 % 

w/v)). In these experiments, the native protein was partially removed from the interface 

decreasing viscosity and elasticity to values near zero. The decrease in the magnitude of 

complex viscosity near to zero, at high phospholipid concentrations, could be explained 

because the interface only contains a low number of protein molecules which cannot interact 

with each other 228. After desorption of proteins, the decrease in the magnitude of the G' and 

G'' moduli and complex viscosity is similar to that of solutions only containing excipients 
228,247. This was in agreement with results presented in this Chapter for native BSA in the 

presence of phospholipids (DPPC (1x10-3 % w/v), DSPC (1x10-2 % w/v) and DSPG-Na 

(5x10-3 % w/v)). 

 

5.4.1.3. Native BSA in the presence of polymers 
PDMAEMA and PBuA are flexible polymeric materials 237,248. Polymers are developed and 

synthesized to have specific characteristic in their chemical composition, size, architecture 

and functionality which have increased the popularity of this material in the biomedical field 
248. In the pharmaceutical field, polymers are used as potential controlled release systems and 

targeting of proteins which are susceptible of instability 230,249. PDMAEMA and PBuA 

(8.75x10-3 % w/v) were used to investigate their effect on preventing protein adsorption to the 
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oil-water interface. PDMAEMA is a water soluble polymer while PBuA is practically 

insoluble in water 94,250. In this Chapter, PDMAEMA was dissolved in the aqueous phase at 

pH 7.4 whereas PBuA was suspended in the aqueous phase at pH 7.4. 

 

PBuA and PDMAEMA have similar molecular weights and the main difference in their 

chemical structure is the poly butyl acetate group present in the PBuA polymer. Native BSA 

is likely to interact with PDMAEMA and PBuA polymers due to electrostatic interactions 

forming a complex at the bulk phase that diffuses to the oil-water interface. Electrostatic 

interactions between protein and cationic polymers are affected by changes in the pH that 

may affect the charge of the protein 237. Controlling the pH is possible to increase/decrease 

the interaction between proteins and polymers. Protein-polymer complexes could be less 

surface active than native BSA alone. This is in agreement with results presented in this 

Chapter because the magnitude of the G' moduli and complex viscosity were significantly 

lower for native BSA in the presence of PDMAEMA and PBuA polymers than for native 

BSA alone (P < 0.05) (Table 5.2). The presence of these complexes in the bulk phase could 

avoid the diffusion of free molecules of native BSA to the oil-water interface due to steric 

hindrance. However, the delay in the time to cross-over for native BSA alone and native BSA 

in the presence of these polymers was not significant as shown the one-way ANOVA (P > 

0.05).  

 

IFT measurements have shown that the adsorption of proteins in the presence of excipients is 

characterized by a faster decrease in the IFT than for protein alone 224,228. IFT measurements 

did not show significant differences between native BSA alone and native BSA in the 

presence of any of these polymers. As was discussed earlier, this may confirm that the 

pendant drop tensiometer is a less sensitive technique than the rheometer with the DWR 

attached to detect desorbed protein into the bulk solution in the presence of excipients used in 

this Chapter. The initial slope of IFT (over the first three minutes) was used to quantify the 

earlier decrease in the IFT as a result of protein adsorption to the oil-water interface. The 

initial slope was calculated using the first three minutes to build a linear regression between 

decrease in the IFT and time. However, the initial slope was only significantly different for 

native BSA in the presence of PBuA polymer (P <  0.05). This could be attributed to the 

butyl acetate group in the PBuA which increase the interfacial activity of PBuA 94 reducing 

the IFT faster than for native BSA alone and native BSA in the presence of PDMAEMA.  
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FTIR spectroscopy was used to investigate the secondary structure of native protein in the 

presence of these two polymers after two hours of protein adsorption to the oil-water 

interface. Results showed that the secondary structure of native BSA was more affected by 

the presence of PBuA than for PDMAEMA. FTIR spectra of amide I in the presence of 

PBuA showed a decrease in the intensity of the α-helix band around (1656 cm-1) without 

bands attributed to intermolecular β-sheet around (1600-1630 cm-1) (Figure 5.19). This may 

be attributed to the formation of partially unfolded proteins. As was discussed earlier, the 

presence of the partially insoluble poly butyl acetate group in the PBuA increased the 

interfacial activity of this polymer 94 forming a complex with native BSA in the bulk solution. 

This complex may decrease protein adsorption to interfaces giving a lower magnitude for the 

G' and G'' moduli and complex viscosity than for native BSA alone. Additionally, this 

complex may modify the secondary structure of the remaining BSA protein in the bulk 

solution. 

 

5.4.2. Strength and solid-like properties of the multilayer film after two 
hour of protein adsorption in the presence of excipients 
Strain amplitude sweep experiments showed that the strength of the multilayer was affected 

by the presence of the excipients in the aqueous and oil phases where the disruption of the 

interfacial film was concentration dependent. The oscillation torque needed to disrupt the 

interfacial film after two hours of protein adsorption in the presence of NaCl (0.1 M and 1 M) 

and DPPC (5x10-4 % w/v) were significant lower than for native BSA alone. This could mean 

that native BSA in the presence of these excipients formed an interfacial film which is less 

densely cover by proteins than for films of native BSA alone. Additionally, it seems that the 

amount of adsorbed proteins in the interfacial film is critical to give strong properties to the 

interfacial films in comparison with the presence of excipients like NaCl or DPPC. This 

seems to be in agreement with the frequency sweep measurements. Native, globular protein 

interacts to produce a tight film where the entire interface is densely covered whereas the 

presence of excipients in the aqueous or oil phase could produce a softer, less densely packed 

film (Table 5.1). However, the value of the power law exponent ( n ) for native BSA alone 

and native BSA in the presence of NaCl and, phospholipids showed no significant differences 

(P > 0.05).  

 

The coefficient of variation was calculated to know the variability associated with the various 

measurements. Interfacial rheology measurements had higher values of CV (%) than for IFT 
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measurements. This may be explained because IFT measurements required only one step to 

start the measurements (i.e. a drop of protein solution (aqueous phase) formed at the tip of a 

syringe was lowered into a glass cuvette containing the oil phase). Whereas, for rheology 

measurements more steps are involved (i.e. 18.8 mL of the water phase are added to into the 

Delrin® trough, the DWR was lowered onto the water phase surface, a meniscus was formed 

between the ring and the water phase which confirmed a physical contact between the ring 

and the water phase and, 18.8 ml of the oil phase was carefully poured on top). Moreover, 

native BSA in the presence of excipients (i.e. DPPC (1x10-3 and 5x10-4) and PBuA (8.75x10-3 

% w/v) had the highest values of CV % for G' and G'' moduli and complex viscosity. 

However, these values may be explained because native BSA in the presence of those 

excipients shown protein desorption from the oil-water interface affecting the variability of 

the measurement. 
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5.5. Conclusions 
The combination of interfacial rheology and IFT measurements was useful to study the 

kinetics of protein adsorption to the oil-water interface in the presence of excipients (NaCl, 

phospholipids and polymers). However, interfacial rheology has been shown to be a more 

useful method than IFT measurements to investigate the kinetics of protein desorption from 

the oil-water interface for native proteins in the presence of these excipients at the 

concentrations and time scales used in this Chapter. The decrease in the IFT for native BSA 

in the presence of excipients is attributed to an increase in protein adsorption or excipient 

adsorption to interfaces 228 which was higher for native BSA in the presence of NaCl (0.5 M, 

0.1 M and 1 M) than for BSA in the presence of phospholipids and polymers. Phospholipids 

were more useful to prevent protein adsorption to interfaces than polymers (PDMAEMA and 

PBuA) within the two hours of protein adsorption. The adsorbed protein to the oil-water 

interface was desorbed in the presence of phospholipids without affecting the physical 

stability of the secondary structure of BSA as shown by FTIR. Additionally, these results 

suggest that PDMAEMA could be a better polymer to avoid protein adsorption to interfaces 

than PBuA because PDMAEMA did not alter the secondary structure of BSA but a higher 

concentration would be needed.  
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Chapter 6: General discussion and future directions  
 

Protein drugs may suffer physical and chemical degradation caused by molecular interactions 

between proteins and excipients in the formulation and environmental conditions during 

formulation and storage (e.g. temperature, pH, pressure and interfacial adsorption) 24,32,194. 

The presence of degraded proteins is associated with a reduction in the therapeutic activity of 

the protein as well as increase of protein toxicity (i.e. immunogenic response) 32. Protein 

degradation and the decrease in protein therapeutic effect make necessary to develop methods 

for easy detection and quantification of protein degradation and to investigate the intrinsic 

characteristics of proteins and interfaces that may avoid its adsorption to interfaces.  In this 

thesis, the physical stability of proteins in solution was investigated by assessing protein 

conformation (i.e. secondary and tertiary structure) in the bulk phase as well as the kinetics of 

protein adsorption to oil-water interfaces.  

 

Previous research indicates that the protein structure should be studied using a combination 

of different analytical techniques 49,73 (e.g. BSA and HSA were analyzed using differential 

scanning calorimetry, FTIR and fluorescence spectroscopy 73). In this thesis, spectroscopy 

(FTIR and fluorescence) and SEC were used as analytical techniques to characterize and 

quantify different forms of proteins in solution (i.e. folded, unfolded and partially unfolded 

protein). FTIR and fluorescence spectroscopy gave information about secondary and tertiary 

structure of proteins, respectively 49,54,165-167. SEC detected the presence/absence of soluble 

aggregates in BSA solutions 24,75,194,195 as consequence of heat-treatment. Analytical 

techniques like circular dichroism spectroscopy (i.e. far-UV CD and near-UV CD) and light 

scattering could also be used to investigate the physical stability of BSA in solution 163,251. 

Results from those methods (i.e. circular dichroism spectroscopy and light scattering) could 

potentially be used to compare the information obtained from FTIR and fluorescence 

spectroscopy. Far-UV CD provides information about secondary structure of proteins 

whereas near-UV CD gives information about tertiary structure of proteins 163,194. Light 

scattering investigate qualitative information about protein structure 29 which has been used 

to characterise protein aggregation, protein interactions and study the enzymatic activity of 

proteins 194,251. In this research, the use of light scattering may detect the presence of BSA 

aggregates (i.e. traces) which may confirm SEC results obtained in this thesis. However, light 

scattering does not provide quantitative information 29 so that, light scattering can not be used 

to replace the quantitative information obtained using SEC. 
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FTIR and fluorescence spectra were pre-processed using several algorithms including AN 145, 

BC 58,131, 1st and 2nd D 58,145, MSC, SNV 66,145,147 to assess which pre-processing technique (or 

combination of techniques) gave the most complete and detailed information about protein 

structure in solution (i.e. folded, partially unfolded and unfolded protein) (Chapter 2 section 

2.3). Then, pre-processing spectra were used to investigate which of those pre-processing 

methods could quantify native protein concentration using the best linear PLS regression 

model (Chapter 3 section 3.3.1).  

 

In previous studies, data generated by the use of spectroscopy in combination with MVA, to 

investigate protein structure, has been analyzed through several methods, including MCR-

ALS analysis 177, PLS-DA 176,  iPLS methods 178 and PLS 62. The present research shows a 

good agreement with those studies giving qualitative and quantitative information about 

protein content. In this thesis, results from the PLS analysis of spectroscopy data confirmed 

that the combination of those methods (i.e. PLS regression and spectroscopy (FTIR and 

fluorescence) could be used to quantify native protein content in solution. In particular, the 

best fitted model using FTIR spectra (i.e. 2nd D with 11 points smoothing, BC and AN 

spectra) was explained by three PLS factors; with RMSE= 0.91% and 1.64% and R2= 0.997 

and 0.991 for the calibration and prediction sets, respectively (Chapter 3 sections 3.3.2). 

Meanwhile, the best fitted model using fluorescence spectra (i.e. BC and AN spectra) was 

explained by one PLS factor, with RMSE% = 1.38% and 1.32% and R2 of 0.993 and 0.994 

for the calibration and prediction, respectively (Chapter 3 sections 3.3.3). To the best of this 

author’s knowledge, there are no other published studies showing that native protein 

concentration has been quantified using the same combination of pre-processing techniques 

combined with a PLS model. One possible explanation is that current methods of protein 

quantification (i.e. curve fitting and deconvolution) in combination with PLS regression 

models have shown a good linearity so that, alternative methods of spectral quantification 

have not been investigated. Additionally, pre-processing methods used in this thesis require 

multiple steps, which could be considered as time consuming.  

 

PLS regression modelling used in combination with spectroscopy has shown to be useful as 

an alternative to current methods for protein quantification (i.e. area overlap 60 and 

deconvolution methods for FTIR spectroscopy 58,60 and linear regression between maximum 

intensity vs. protein concentration using fluorescence spectroscopy 69). In this thesis, the area 
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overlap method showed poorer linear fit between area overlap and native protein 

concentration (R² = 0.973) than for PLS model (R² = 0.997) (Chapter 3 section 3.3.2). This 

may be explained because the quantification of protein concentration using an univariate 

regression model (i.e. the area overlap vs. concentration) gave less robust models than for 

multivariate regression models (i.e. PLS). Likewise, the R² value for linear regression 

between fluorescence intensity at the maximum emission was 0.860 compared to 0.993 for 

PLS model (Chapter 3 section 3.3.3). The linearity obtained from those methods confirmed 

that the use of PLS to quantify protein concentration should be seriously considered to 

determinate protein content in future research. An extensive literature review did not find any 

previous studies reporting a similar comparison between the linearity obtained using those 

methods (i.e. area overlap and maximum fluorescence intensity vs. PLS regression models). 

Therefore, results showed in this thesis can not be compared to similar studies.  The area 

overlap has been reported as a suitable method to compare modifications in the secondary 

structure of proteins attributed to loss of protein stability 60,73. Jorgensen et al. (2004) reported 

the use of area overlap to investigate changes in the secondary structure of HSA and BSA 

proteins as result of exposition of these native proteins to different surrounding environment 

(i.e. water in oil emulsions) 73.  

 

Beta regression models were used to assess differences in native protein concentration, 

quantified by spectroscopy and PLS regression, to native protein concentration quantified by 

SEC. Statistical analysis using beta regression models was chosen because this family of 

models allows a direct use of data bound between 0 – 1, such as proportions or percentages, 

avoiding the need of data transformation. The obtained results showed that FTIR 

spectroscopy, fluorescence spectroscopy, and SEC methods are able to measure equivalent 

protein concentrations, and no statistically significant difference between those methods was 

found (Chapter 3 section 3.3.5). The comparison of FTIR spectroscopy, fluorescence 

spectroscopy, and SEC methods for protein quantification, has not been studied before.  

Based on results presented in Chapters 2 and 3 of this thesis, this may be an important tool 

for researchers who want to evaluate which pre-processing technique provides the most 

relevant information about the physical stability of proteins in solution and also, which of 

these pre-processing techniques may be more appropriate to quantify native protein 

concentrations in liquid formulations. 
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Recent studies have described the use of a rheometer with a DWR geometry to study protein 

viscoelastic properties at the air-water and oil-water interfaces 97,101,104,206,252,253. Some of 

these publications have described the application of this geometry to study the kinetics of 

protein adsorption to interfaces in the presence of excipients 94,101. However, the kinetics of 

protein desorption from the oil-water interface in the presence of excipients has not received 

attention. In this thesis, the kinetics of protein adsorption/desorption to liquid-liquid 

interfaces was investigated for native proteins in the absence and presence of heat-denatured 

BSA (Chapter 4) and for native proteins in the presence of excipients (Chapter 5). Those 

analyses were performed using a rheometer with DWR geometry and interfacial tension 

measurements. The data analysis provided quantitative evidence of modifications in the 

interfacial film for native BSA alone and native BSA in the presence of thermally denatured 

BSA and/or excipients (i.e. NaCl, phospholipids and polymers). Results obtained from this 

thesis may be used to support the use of the DWR geometry in rheological studies of protein 

physical stability. Results obtained using this geometry confirmed the application of this 

method to investigate protein adsorption to interfaces, and its sensitivity to detect the 

formation of viscoelastic films at the oil-water interface, in the presence of different forms of 

proteins (i.e. folded, partially unfolded and unfolded) (Chapter 4). The method was also 

appropriate to investigate protein desorption from the oil-water interface in the presence of 

excipients (Chapter 5). This is a relevant information since protein adsorption to interfaces 

may affect protein physical stability in solution and the use of excipients may modify (i.e. 

delayed) the kinetic of protein adsorption to interfaces. Additionally, this approach could be 

used to investigate the effect of other factors involved in protein adsorption to interfaces, 

such as the influence of the interface itself (i.e. density of interface and protein solutions, 

hydrophobicity of proteins and interface and surface activity) as well as concentration of 

proteins and surface activity of proteins. The rheometer with DWR geometry attached is an 

indirect method which provide qualitative information on the kinetic of protein adsorption to 

interfaces. 

 

Protein adsorption to interfaces is one of the relevant factors explaining protein physical 

stability in solution 24,35,104,194, representing the main research interest of this thesis. In future 

work, the application of interfacial rheology studies with the DWR geometry attached could 

be used to systematically investigate the kinetic of protein adsorption/desorption in the 

presence of other excipients of pharmaceutical interest such surfactants, sugars and 

antioxidants 24,112,114. Moreover, the application of this equipment could investigate proteins 
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adsorption to interfaces in the presence of a mix of proteins, plus diverse excipients in the 

bulk phase. This work may be relevant since proteins are not formulated as pure ingredients 

and the interaction of different excipients with protein in solution must result in different 

kinetic of protein adsorption to interfaces. This method would provide information about 

earlier modifications in the kinetic of protein adsorption to liquid-liquid interfaces (i.e. oil-

water emulsion) as consequence of protein interaction with excipients. 

 

In pharmaceutical formulations, chemical modifications of proteins (i.e. acylation and 

PEGylation of proteins) are used to increase protein plasma half life in solutions decreasing 

proteins degradation. Those modifications also affect the kinetic of proteins adsorption to 

interfaces explained due to modifications in the hydrophobic/hydrophilic characteristics of 

proteins 42,107,254. As examples, insulin was acylated to compare the interfacial adsorption of 

insulin and acylated insulin to hydrophobic interfaces (i.e. polystyrene beads) showing that 

both, insulin and acylated insulin, had a higher affinity by the hydrophobic interface than for 

the hydrophilic interface 254. Moreover, PEGylation of glucagon reduced the interfacial 

adsorption of glucagon to hydrophobic interfaces (i.e. polystyrene beads, silicon wafers 

coated with polystyrene and quartz wafers coated with silane) 107.  

 

The study of protein adsorption to liquid-liquid interfaces, using interfacial dilatational 

rheology measurements 104 is another avenue for future research. This measurement is used to 

gain information about structure of adsorbed protein to interfaces (i.e. monolayer and 

multilayer formation) 255. Examples of methods used in dilatational interfacial measurements 

are: Langmuir 98,256 and the oscillation bubble methods 98. The Langmuir trough apparatus 

can be used to study the monolayer formed due to adsorption of molecules (e.g. proteins and 

phospholipids) to interfaces by changing the area of the interface from a maximum to a 

minimum, i.e. by compression and expansion deformation 98,104,256,257. In the Langmuir trough 

apparatus, the interfacial area is expanded and compressed moving the wall of the apparatus 
98. The use of a Langmuir trough apparatus was reported by Murray et al. (1997) to 

investigate bovine β-lactoglobulin protein adsorption to the oil-water and air-water interfaces 

in the presence of non-ionic surfactants 258. The sensitivity shown by the Langmuir trough 

apparatus to detect differences in protein adsorption to the oil-water interface in the presence 

of excipients was in agreement with the sensitivity shown by shear rheology measurements 

reported in this thesis. Langmuir and shear rheology measurements can detect earlier changes 

in the kinetic of protein adsorption to the oil-water interface in the presence of small amount 
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of excipients. Therefore, measurements using the Langmuir trough apparatus could provide 

complementary information about the monolayer and multilayer formation at the oil-water 

interface to the oscillatory shear rheology results presented in this thesis. Moreover, Wang et 

al. (2012) reported the use of oscillation bubble measurements to investigate protein 

adsorption to liquid-liquid interfaces, where the area of the interface was changed by 

increasing and decreasing the size of the drop in ten percent from its initial size 255. In this 

method, the size of the drop is automatically changed to specific values of amplitude and 

frequency 255,259. The increase in surface pressure as a function of time was considered to be 

an indicator of protein adsorption to interfaces 98,255. The oscillation bubble method was used 

to investigate the kinetics of protein adsorption of native and heat-denatured (at 90 and 120 

°C) soy protein isolate to the oil-water interface 255. Those results reported a faster interfacial 

pressure and dilatational modulus for the heat-denatured soy protein isolate than for its native 

form. These results were attributed to an increase in the protein flexibility and exhibition of 

hydrophobic groups to the oil-water interface as result of heat treatment of soy protein 

isolate. Similar results were described for other models of proteins like α-lactalbumin and β-

lactoglobulin 255. However, this is in disagreement with results shown in this thesis where the 

heat-denatured BSA protein shown a delayed in the kinetic of protein adsorption in 

comparison with native BSA alone (Figure 4.4). For that reason, the use of oscillation bubble 

measurements could give information about surface pressure and dilatational modulus, being 

a potential complementary technique to the interfacial tension method used in this thesis. 

 

Ellipsometry is another method that could be used in future work. This technique has been 

used to investigate the thicknesses and refractive index of interfacial films 260,261. However, 

while the application of this method has been widely reported to study solid-liquid and air-

liquid interfaces  261,262, only a few reports applying this method to liquid-liquid interfaces 

can be found 263. As an example, Kull et al. (1997) reported the use of ellipsometry to 

investigate the mechanism of protein adsorption to solid interfaces (i.e. sequential or 

competitive) using β-casein and β-lactoglobulin 261. The study of protein adsorption to liquid-

liquid interfaces using ellipsometry could give relevant information about differences in the 

thicknesses of interfacial films of native BSA vs. native BSA in the presence of denatured 

proteins or excipients, which may complement the results obtained in this thesis. However, it 

is important to consider and carefully investigate limitations and sensitivity of these 

complementary techniques. 
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The methodology used in this thesis (i.e. spectroscopy in combination with MVA as well as 

interfacial adsorption methods) was used to study physical stability of BSA could be 

extended to investigate physical degradation of other kinds of proteins in solution i.e. 

globular and non-globular proteins as well as therapeutic drugs like monoclonal antibodies, 

hormones and vaccine antigens. Additionally, this work could be extended to investigate the 

physical stability of proteins in pharmaceutical formulations (e.g. emulsions or reconstituted 

feezed dried products) using the methods described in this thesis (i.e. quantification of protein 

physical stability in the aqueous phase using PLS models and, characterization of the kinetic 

of protein adsorption to the oil-water interface using interfacial adsorption methods (i.e. 

DWR rheometer and interfacial tension measurements). 
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Conclusions 
The physical stability of proteins in solution was investigated in this thesis and the principal 

conclusions are highlighted in the following sentences. FTIR and fluorescence spectroscopy 

in combination with PLS regression models were an efficient approach to develop a method 

of protein characterization and quantification. Those PLS models were able to detect small 

amounts of unfolded proteins in the bulk solution predicting native protein concentrations in 

solutions heated at 40, 50 and 60°C for ten minutes. This means that those quantification 

methods (i.e. PLS models) are helpful to determine product shelf-life in a short time frame 

(i.e. ten minutes). The linearity of the PLS models was improved when pre-processing 

techniques were applied to the raw spectral data. This thesis has shown that FTIR and 

fluorescence spectroscopy and PLS regression models are alternatives to current methods of 

protein quantification like curve fitting and deconvolution. Moreover, the adsorption of 

native protein to the oil-water interfaces was affected by the presence of unfolded proteins 

and excipients (i.e. NaCl and polymers) added in the bulk solution and in the oil phase (i.e. 

phospholipids). Using a rheometer with the DWR geometry attached, a sensitive method to 

detect changes in the kinetics of native protein adsorption to the interface in the presence of 

those components in the bulk solution was developed. This method was useful to get 

qualitative information explaining the first steps of protein adsorption to the oil-water 

interface (i.e. the time to cross-over and the maximum magnitude for G' and G'') as well as to 

characterize the final properties of the interfacial film (i.e. solid-like properties). In summary, 

results obtained from this thesis contribute to the understanding of protein physical stability 

in solution by the evaluation of alternative quantification methods (i.e. PLS and 

spectroscopy) and techniques which detect earlier changes in the kinetics of protein 

adsorption to interfaces as consequence of protein degradation. 
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APPENDIX A: The primary structure of BSA 264,265. 
 
 
 

Arg-Thr-His-Lys-Ser-Glu-Ile-Ala-His-Arg-Phe-Lys-Asp-Leu-Gly-Glu-Glu-His-Phe-Lys20- 

Gly-Leu-Val-Leu-Ile-Ala-Phe-Ser-Gln-Tyr-Leu-Gln-Gln-Cys-Pro-Phe-Asp-Glu-His-Val40- 

Lys-Leu-Val-Asn-Glu-Leu-Thr-Glu-Phe-Ala-Lys-Thr-Cys-Val-Ala-Asp-Glu-Ser-His-Ala60- 

Gly-Cys-Glu-Lys-Ser-Leu-His-Thr-Leu-Phe-Gly-Asp-Glu-Leu-Cys-Lys-Val-Ala-Ser-Leu80- 

Arg-Glu-Thr-Tyr-Gly-Asp-Met-Ala-Asp-Cys-Cys-Glu-Lys-Glu-Gln-Pro-Glu-Arg-Asn-Glu100- 

Cys-Phe-Leu-Ser-His-Lys-Asp-Asp-Ser-Pro-Asp-Leu-Pro-Lys-Leu-Lys-Pro-Asp-Pro-Asn120- 

Thr-Leu-Cys-Asp-Glu-Phe-Lys-Ala-Asp-Glu-Lys-Lys-Phe-Trp-Gly-Lys-Try-Leu-Tyr-Glu140- 

Ile-Ala-Arg-Arg-His-Pro-Tyr-Phe-Tyr-Ala-Pro-Glu-Leu-Leu-Tyr-Ala-Asn-Lys-Tyr-Asn160- 

Gly-Val-Phe-Gln-Glu-Cys-Cys-Gln-Ala-Glu-Asp-Lys-Gly-Ala-Cys-Leu-Leu-Pro-Lys-Ile180- 

Glu-Thr-Met-Arg-Glu-Lys-Val-Leu-Thr-Ser-Ser-Ala-Arg-Gln-Arg-Leu-Arg-Cys-Ala-Ser200- 

Ile-Gln-Lys-Phe-Gly-Glu-Arg-Ala-Leu-Lys-Ala-Trp-Ser-Val-Ala-Arg-Leu-Ser-Gln-Lys220- 

Phe-Pro-Lys-Ala-Glu-Phe-Val-Glu-Val-Thr-Lys-Leu-Val-Thr-Asp-Leu-Thr-Lys-Val-His240- 

Lys-Glu-Cys-Cys-His-Gly-Asp-Leu-Leu-Glu-Cys-Ala-Asp-Asp-Arg-Ala-Asp-Leu-Ala-Lys260- 

Try-Ile-Cys-Asx-Asx-Glx-Asx-Thr-Ile-Ser-Ser-Lys-Leu-Lys-Glu-Cys-Lys-Asp-Pro-Cys280- 

Leu-Leu-Glu-Lys-Ser-His-Cys-Ile-Ala-Glu-Val-Glu-Lys-Asp-Ala-Ile-Pro-Glu-Asp-Leu300- 

Pro-Pro-Leu-Thr-Ala-Asp-Phe-Ala-Glu-Asp-Lys-Asp-Val-Cys-Lys-Asn-Tyr-Gln-Glu-Ala320- 

Lys-Asp-Ala-Phe-Leu-Gly-Ser-Phe-Leu-Tyr-Glu-Tyr-Ser-Arg-Arg-His-Pro-Glu-Tyr-Ala340- 

Val-Ser-Val-Leu-Leu-Arg-Leu-Ala-Lys-Glu-Tyr-Glu-Ala-Thr-Leu-Glu-Glu-Cys-Cys-Ala360- 

Lys-Asp-Asp-Pro-His-Ala-Cys-Tyr-Thr-SerVal-Phe-Asp-Lys-Leu-Lys-His-Leu-Val-Asp380- 

Glu-Pro-Gln-Asn-Leu-Ile-Lys-Gln-Asn-Cys-Asp-Gln-Phe-Glu-Lys-Leu-Gly-Glu-Tyr-Gly400- 

Phe-Gln-Asn-Ala-Leu-Ile-Val-Arg-Tyr-Thr-Arg-Lys-Val-Pro-Gln-Val-Ser-Thr-Pro-Thr420- 

Leu-Val-Glu-Val-Ser-Arg-Ser-Leu-Gly-Lys-Val-Gly-Thr-Arg-Cys-Cys-Thr-Lys-Pro-Glu440- 

Ser-Glu-Arg-Met-Pro-Cys-Thr-Glu-Asp-Tyr-Leu-Ser-Leu-Ile-Leu-Asn-Arg-Leu-Cys-Val460- 

Leu-His-Glu-Lys-Thr-Pro-Val-Ser-Glu-Lys-Val-Thr-Lys-Cys-Cys-Thr-Glu-Ser-Leu-Val480- 

Asn-Arg-Arg-Pro-Cys-Phe-Ser-Ala-Leu-Thr-Pro-Asp-Glu-Thr-Tyr-Val-Pro-Lys-Ala-Phe500- 

Asp-Glu-Lys-Leu-Phe-Thr-Phe-His-Ala-Asp-Ile-Cys-Thr-Leu-Pro-Asp-Thr-Glu-Lys-Gln520- 

Ile-Lys-Lys-Gln-Thr-Ala-Leu-Val-Glu-Leu-Leu-Lys-His-Lys-Pro-Lys-Ala-Thr-Glu-Glu-540- 

Gln-Leu-Lys-Thr-Val-Met-Glu-Asn-Phe-Val-Ala-Phe-Val-Asp-Lys-Cys-Cys-Ala-Ala-Asp560- 

Asp-Lys-Glu-Ala-Cys-Phe-Ala-Val-Glu-Gly-Pro-Lys-Leu-Val-Val-Ser-Thr-Gln-Thr-Ala580- 

Leu-Ala582 
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APPENDIX B.1: Spectra of amide I band of BSA (5% w/w) 
showing the stability study (RT) of native BSA (A), 50% w/w 
native BSA (B) and heat-denatured BSA (C) at day one 
(straight line) and seven (dashed line). Spectra of amide I 
were pre-processed using BC and AN. 
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APPENDIX B.2: The table shows the value of area overlap 
between native BSA and binary mixtures of BSA (5% w/w) 
(mean ± s.d.) (n=3). 
 
 

Native BSA 
concentration 

 
R1 R2 R3 Mean S.D. 

50% w/w 0.816 0.800 0.839 0.818 0.020 
60% w/w 0.860 0.856 0.864 0.860 0.004 
70% w/w 0.857 0.860 0.889 0.869 0.020 
80% w/w 0.920 0.927 0.919 0.922 0.004 
90% w/w 0.963 0.970 0.977 0.969 0.007 
100% w/w 1.000 1.000 1.000 1.000 6.1x10-5 

 
 

 188 



APPENDIX B.3: Figure represents the linear fit between 
the area overlap (%) and native BSA concentration of binary 
mixtures (5% w/w) (mean ± s.d.) (n=3). 
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APPENDIX B.4: Figure represents the linear fit between 
fluorescence intensity and concentration of binary mixtures of 
BSA (1% w/w) (mean ± s.d.) (n=3). 
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APPENDIX C: Friedman’s test results for interfacial 
rheology measurements ((A) time to cross-over, (B) elastic 
(G') modulus, (C) oscillation torque for G'' modulus and (D) 
power law exponent). 
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APPENDIX D: Friedman’s test results for IFT 
measurements ((A) IFT30 and (B) initial slope). 
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APPENDIX E: Plot of the complex viscosity (in Ns/m) 
vs. frequency (in rad/sec) for native BSA 0.5 mM alone after 
two hours of protein adsorption to the oil water interface. 
Slope corresponds to the power law exponent which was - 
0.812 ± 0.010 (mean ± s.d). Complex viscosity and frequency 
are in logarithmic scales. 
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APPENDIX F: Typical example of elastic G' (solid 
symbols) and viscous G'' (open symbols) moduli as a function 
of time for the oil and water interface (without protein). G' 
and G'' moduli are in logarithmic scale. 
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