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1 Introduction 

1.1 Raman spectroscopic detection for liquid chromatography 

The main goal of the present thesis is to couple Raman spectroscopic detection with 
liquid chromatography (LC) for the analysis of proteins. Therefore, Chapter 1.1 
provides an overview of the theoretical background of Raman scattering and 
summarizes the current state of research on Raman spectroscopic detection for LC. 

1.1.1 Classical description of Raman scattering 

If monochromatic light encounters a molecule, there is a chance that the light interacts 
with the molecule. For example, the light can be scattered either elastically or 
inelastically. In general, light can be described by equation (1). 

 

E = h ∙ ν =
h ∙ c

λ
 (1) 

 

with E = Energy, h = Planck’s constant, ν = frequency, c = speed of light, λ = 
wavelength 

Given by equation (1), the energy of a photon is proportional to its frequency and 
reciprocal to its wavelength. The wavenumber is defined by equation (2). 

 

ν෤ =
ν

c
=

1

λ
 (2) 

 

with ν෤ = wavenumber, ν = frequency, c = speed of light, λ = wavelength 

Owing to historical convention, the Raman shift of various modes is commonly 
expressed in wavenumbers instead of frequencies or wavelengths. The content of this 
chapter, which outlines the classical description of Raman scattering and some 
intensity considerations, is based on McCreery’s book1, 2. 

The oscillating electric field of the incident photon induces polarization in the molecule. 
This leads to an induced dipole in the molecule that radiates scattered light either with 
(inelastic scattering) or without exchanging energy (elastic scattering). The polarization 
of the molecule P is dependent on its polarizability α and the oscillating electric field of 
the incident photon EF as shown in equation (3). 

 

P = α ∙ EF (3)
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The electric field of the incident photon EF can be described according to equation (4). 

 

EF = E0 ∙ cos 2πν0t (4)
 

The electric field of the incident photon oscillates at its frequency ν0. In a non-linear 
molecule with N atoms, there are 3N-6 normal modes Qj which combine to form 
molecular vibrations. Equation (5) describes the oscillation of a normal mode Qj at the 
characteristic harmonic frequency νj of the jth normal mode. 

 

Qj = Qj
0 ∙ cos 2πνjt (5) 

 

The polarizability of a molecule α can be influenced by molecular vibrations according 
to the classical treatment of Raman scattering. This is given by equation (6). 

 

α = α0 + ቆ
δα

δQj
ቇ Qj + ⋯  (6) 

 

If equations (4) and (6) are substituted into equation (3), equation (7) describing the 
polarization P is obtained by applying the trigonometric product-sum identities and 
neglecting higher terms. 

 

P = α0E0 cos 2πν0t ൅ E0Qj
0 ቆ

δα

δQj
ቇ

cos 2π൫ν0 ൅ νj൯ t + cos 2π൫ν0 െ  νj൯ t

2
 (7) 

 

According to equation (7) light will be scattered at three frequencies, assuming the 
polarized electrons will emit light at the frequency of their oscillations. The first term is 
elastic scattering, i.e. Rayleigh scattering, whereas the second and third terms are 
inelastic scattering, i.e. Raman scattering. In Rayleigh scattering, the light is scattered 
at the same frequency as the laser, with the magnitude of scattered light being 
proportional to the inherent polarizability α0 of the molecule. Anti-Stokes scattering is 
described by ν0 + νj while Stokes scattering is described by ν0 – νj. From equation (7) 
can be taken that Raman scattering can only occur if vibrational modes lead to a 
change in polarizability δα/δQ ≠ 0. This is the selection rule for Raman scattering. 

Figure 1-1 provides an overview of the scattering processes that can occur. In Rayleigh 
scattering, the incident light hv0 is scattered elastically meaning that the incoming and 
the scattered light have the same frequency v0. The molecule gets excited to a virtual 
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state VN1 within the scattering process which can be considered as a very short-lived 
distortion of the electron cloud induced by the electric field of the laser light. 

Stokes and Anti-Stokes Raman scattering can be distinguished depending on the 
energy of the scattered light. A molecule in its vibrational ground state N0 gets excited 
by a laser photon hv0 and thus reaches a virtual state VN1. Then, the light is scattered 
from the molecule, leaving the molecule in an excited vibrational state N1 due to 
absorption of a certain amount of energy vj. The scattered light has therefore a lower 
frequency than the incident light beam (v0 – vj) < v0 which is referred to as Stokes 
scattering. In Anti-Stokes scattering, the molecule is in the first excited vibrational state 
N1 when it gets excited by a laser photon hv0. Then, a certain amount of energy is 
transferred with the scattered light vj resulting in a higher frequency of the scattered 
light (ν0 + νj) in comparison to the incident light (ν0 + νj) > v0 and leaving the molecule 
in its vibrational and electronic ground state N0, E0 after the interaction. Both processes 
are Raman scattering processes. 

 

Figure 1-1: Energy level scheme to describe the different elastic and inelastic scattering 
processes. 

The observed intensity of Raman scattering IR can be described by equation (8). 

 

IR = μ' ൫νത0 ± νതj൯
4

αj
2 Qj

2 (8) 
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where μ’ is a constant containing the factor c4 as the intensity is expressed in 
wavenumbers instead of frequency following the relation shown in equation (2). 
Equation (8) indicates that the Raman intensity is proportional to the fourth power of 
the observed wavenumber, which on the other hand depends on the laser frequency. 
Therefore, the intensity varies proportionally to the laser wavenumber, resulting in an 
increasing observed intensity of Raman scattering with decreasing laser wavelength.  

Although Raman scattering depends on effects such as polarizability, the empirically 
determined cross section σj is often used in analytical applications to relate to the 
Raman scattering intensity. The magnitude of Raman scattering cross section σj is 
related to δα/δQj as further described in the literature.3 Equation (8) resulted from these 
theories. Equation (9) shows the relation between Raman scattering intensity IR, the 
incident laser intensity I0, Raman cross section σj, the number density of scatterers D 
and the path length of the laser in the sample dz. 

 

IR = I0 σj D dz (9)
 

Equation (9) indicates that the scattering intensity is proportional to all parameters 
mentioned. In addition, the Raman cross section σj is proportional to the probability 
that an incident photon undergoes Raman scattering to yield a photon with a specific 
Raman shift. 

The classical theory of Raman scattering does not fully account for the processes 
involved in resonance Raman scattering. Theories applying quantum mechanical 
treatment give a better understanding of resonance enhancement, e.g. Schrader’s 
book4 provides a good overview of these theories. However, resonance Raman 
scattering is addressed only briefly in this chapter, as it represents a minor aspect of 
the present thesis. 

Resonance Raman scattering can occur when the energy of the laser line coincides 
with an electronic transition E0  E1 of a molecule as depicted in Figure 1-1 (e.g. for 
Stokes resonance Raman scattering). In comparison to Stokes Raman scattering 
certain vibrational modes are significantly enhanced in resonance Raman scattering 
due to an improved Raman scattering cross-section of the vibration.5, 6 The scattering 
enhancement in resonance conditions often has an order of 103 – 104 and can be up 
to 106. Since scattering efficiency from each vibronic level is not equal to the efficiency 
of absorption, the greatest resonance scattering intensity usually cannot be obtained 
at the maximum absorbance but at the lower energy side of an absorption band.7 

1.1.2 State-of-the-art in Raman spectroscopic detection 

In 1928, C.V. Raman and K.S. Krishnan8 reported the experimental discovery of 
inelastically scattered light on molecules for the first time.8 Since then, the number of 
applications and instrumentations in Raman spectroscopy (RS) has expanded 
considerably due to important developments in laser technology, optics, spectrographs 
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and information electronics with a focus on charge-coupled devices and computers.2 
However, the number of Raman spectroscopic detection systems for online coupling 
with an LC is still limited. This chapter will address the current state of research 
focusing on the benefits and challenges applying Raman detection for structural 
identification and the developments in flow cell design. 

In 1981, M. D’Orazio and U. Schimpf9 reported Raman spectroscopic detection of 
azoxybenzene derivatives after normal phase chromatographic separation. Carbon 
tetrachloride (CCl4) with small amounts of ethanol was used as the eluent. The authors 
took into consideration that CCl4 leads to only a few bands due to its high symmetry 
and small molecule size. Thus, CCl4 is less likely to obscure sample bands when 
applying Raman detection. In addition, two excitation wavelengths were used to study 
the azoxybenzene derivatives at near-resonance and off-resonance conditions. 
Structural isomers were identified by comparing their off-resonance and near-
resonance spectra. A stronger increase in the bands in the near-resonance spectra 
due to the vibronic coupling of molecular vibrations and electronic transitions in one of 
the isomers indicated slight differences in the chemical structure and resulted in the 
identification of both isomers.9 However, resonance enhancement cannot be applied 
universally for an existing spectroscopic set-up, as it depends on the laser line 
matching an electronic transition of the target molecule. 

In 1983, K. Iriyama and Y. Ozaki10 detected the hemoproteins cytochrome c and 
myoglobin at resonance conditions in a flow cell connected to the high-performance 
liquid chromatography (HPLC) effluent. The authors used a stopped flow and an 
acquisition time of 4.5 min to obtain spectra of both hemoproteins. The authors pointed 
out that Raman detection after separation by HPLC can be applied non-destructively, 
and no special interface is required for coupling. In addition, Raman detection is highly 
compatible with water.7, 10 

In 1991, R. Sheng et al.11 analyzed purine bases with an online-coupling of reversed 
phase chromatography and surface-enhanced Raman spectroscopy (SERS). The 
effluent of the HPLC was mixed with silver sol prior to SERS detection in a glass 
capillary. SERS was applied to overcome the inherently low sensitivity of Raman 
spectroscopy in comparison to e.g. infrared spectroscopy. However, memory effects 
at the surface of the glass capillary revealed challenges in the use of online SERS 
detection.11 Furthermore, SERS and RRS are often not suitable for quantitative 
analysis and highly specific as their enhancement effects are strongly related to the 
chromophores of the target molecules.7, 12 

In 1996, T.D. Nguyen Hong et al.13 reported the online coupling of HPLC and RS by 
employing a stainless steel capillary with a highly polished inner surface as detection 
cell. Toluene and naphthalene were analyzed within an acetonitrile water mixture equal 
to the mobile phase. A limit of detection (LOD) of 9.6 µg toluene injected on column 
could be achieved with their set-up. The authors pointed out that in comparison to UV 
detection the major advantage of Raman spectroscopy is the ability to reliably 
distinguish co-eluted components based on their unique Raman spectral pattern which 
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allows for structural identification.13 In addition, Raman spectroscopy offers the 
opportunity to detect and quantify molecules without chromophores which can hardly 
be detected by UV absorption detection.14 

While most of the earlier works combined conventional flow cells or glass / stainless 
steel capillaries with improved Raman scattering conditions such as SERS or 
resonance enhancement, latter works focused more on signal enhancement within the 
detection cell using capillary optics. 

The principal of applying capillary optics for Raman signal intensity enhancement 
originates from Walrafen and Stone15 on fused-quartz capillaries in 1972. A Raman 
signal intensity enhancement of approximately 102 – 103 could be reached by applying 
10 – 25 meter long fused-quartz capillaries filled with benzene or tetrachloroethylene 
as detection cell.15 However, the applicability of fused-quartz capillaries for Raman 
signal enhancement was limited to liquids with a refractive index higher than quartz 
(1.46).16 In the late 1990’s and early 2000’s, Altkorn et al.17-19 conducted fundamental 
studies on Teflon AF 2400 capillaries, which is an amorphous fluoropolymer with a 
refractive index of 1.29.12, 18-20 Since most common LC eluents, e.g. water (1.3352), 
methanol (1.3305), and acetonitrile (1.3447),21, 22 have higher refractive indices than 
Teflon AF 2400, total internal reflection of light can occur at the critical angle at the 
surface between the capillary cladding and the liquid core.23 Thus, the liquid core 
waveguide (LCW) extends the excitation path length for Raman scattering, thereby 
enhancing the Raman signal intensity.14, 24 Altkorn et al.17-19 examined how variations 
in fiber length, inner diameter, laser wavelength, and detection geometry affect Raman 
signal intensity and signal-to-noise ratio (SNR). 

In 1999, Dijkstra et al.20 and Marquardt et al.12 both published studies on the online 
coupling of HPLC and RS by applying an LCW of Teflon AF 2400 as detection cell. 
Dijkstra et al. investigated different aromatic nitro substances, which were separated 
by reversed-phase chromatography with a mixture of methanol and phosphate buffer 
as eluent. LODs were estimated to be 10 µg/mL (4-nitroaniline), 50 µg/mL (4-
nitrophenol), 250 µg/mL (2,4-dinitrophenol), and 500 µg/mL (nitrobenzene) when 
using large volume injections of 500 µL.20 Marquardt et al.12 analyzed a mixture of four 
different alcohols in purely aqueous reversed-phase chromatography with a 
cyanopropyl stationary phase. In addition, spectra of ten different alcohols obtained 
sequentially from the individual standard solutions could be clearly distinguished from 
each other based on their Raman spectra. The authors determined the LOD and 
enhancement effect of the LCW based on the SNR of 817 cm-1 in phase C-C-O 
stretching mode of isopropyl alcohol diluted in water. The Raman spectrum of 1 % 
isopropyl alcohol in water in a vial resulted in a SNR of 3.2, whereas a SNR of 4.1 was 
reached for 10 ppm isopropyl alcohol in water within the LCW (1.9 µL internal volume). 
Thus, an enhancement in the detection of isopropyl alcohol diluted in water of more 
than 1,000 folds could be reached by using an LCW for Raman detection. The LOD of 
the LCW used was determined to be 2 ppm of isopropyl alcohol in water.12 
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In 2001, Dijkstra et al.25 published the analysis of different nucleotides with HPLC-
Raman coupling. The optimum length of the LCW and the relative enhancement factor 
of the LCW over the wavenumber range were discussed at different excitation 
wavelengths. The authors concluded that the relative enhancement factor of the LCW 
increases with decreasing wavelength. In addition, the relative enhancement factor of 
the LCW is more constant over the wavenumber range for shorter wavelengths. 
Furthermore, the length of the LCW can be increased with decreasing wavelength 
because of a lower attenuation due to inner surface defects or high-overtone 
vibrational band absorption of the core liquid in the near-infrared range.25 However, 
peak widths and band broadening must be considered when increasing the length of 
the LCW for detection.20 In addition, aqueous separation modes such as ion exchange 
chromatography or size exclusion chromatography are desirable as the Raman band 
of water does not obscure spectral features of the analytes in comparison to organic 
solvents.25 Moreover, large volume injections and stopped flow measurements are 
options to improve the detectability of various analytes.20, 25 Further improvements in 
the Raman spectroscopic detection can be reached by higher laser powers which is 
also in accordance with equations (8) and (9).2, 20 

A special case of capillary optics is the vertical flow technique (VFT) developed by H. 
Hiramatsu and T. Saito26 in 2013. In the VFT, the laser light is focused into a laminar 
flow column of liquid which is surrounded by air. The light is propagated by total internal 
reflection at the liquid-air-interface. Considering the refractive indices of air (1.00) and 
water (1.33), the critical angle at the air-water interface can be calculated to be 49°.26 
In comparison the critical angle at the Teflon AF 2400-water interface is 75.9°.16 
Therefore, VFT allows more efficient collection of Raman scattered light due to the 
lower critical angle. The VFT was applied as detection cell for online coupling HPLC 
and RS by Y.-H. Lo and H. Hiramatsu27 in 2020 and by Y.-S. Chen and H. Hiramatsu28 
in 2025. However, from an occupational safety perspective, working with a capillary-
guided flow profile is preferable to a laminar flow profile surrounded by air when using 
common HPLC eluents such as acetonitrile or methanol. 

Y.-H. Lo and H. Hiramatsu analyzed the structural isomers ortho-, meta- and para-
methoxyphenol and achieved LODs between 1.2 – 4.1 mM.27 Y.-S. Chen and H. 
Hiramatsu reported LODs between 61 – 81 µg/mL for different mono- and 
disaccharides separated by hydrophilic interaction chromatography (HILIC).28 
Apparently, comparing the detection limit between different studies is not 
straightforward, as different units are used to report the LOD ranging from mass or 
molar concentrations to percentages or masses. Table 1-1 provides an overview of the 
detection limits achieved with capillaries as detection cells, highlighting the kind of 
detection cell, the substances analyzed, and the laser conditions used. For better 
comparability, the LOD was calculated as injected mass on column to account for 
differences in the injected volumes. The injected mass on column means concentration 
of the injected solution multiplied by the injected volume. 

  



Chapter 1 

 

8 

Table 1-1: Limits of detection (LOD) determined in various studies by applying online-coupled 
HPLC-Raman with a stainless steel capillary (SSC), a liquid core waveguide (LCW) or vertical 
flow technique (VFT) as detection cell. 

Technique Substance 
Laser 

conditions 

LOD  

(as 

reported) 

LOD  

(injected 

mass on 

column) 

[µg] 

Reference 

SSC toluene 
514.5 nm, 

1000 mW
9.6 µg 9.6 13 

LCW 4-nitroaniline 
514.5 nm, 

~40 mW
10 µg/mL 5 20 

LCW isopropyl alcohol 
785 nm, 

60 mW
2 ppm 0.0158 12 

LCW caffeine 
532 nm, 

2000 mW
500 ng 0.5 16 

VFT 

o-methoxyphenol 

m-methoxyphenol 

p-methoxyphenol 

785 nm, not 

specified 

1.2 mM 

2.7 mM 

4.1 mM 

149 

335 

509 

27 

LCW sucrose 
532 nm, 

600 mW
120 µg 120 14* 

VFT 

fructose 

glucose 

sucrose 

maltose 

trehalose 

532 nm, not 

specified 

61 µg/mL 

68 µg/mL 

74 µg/mL 

68 µg/mL 

81 µg/mL 

61 

68 

74 

68 

81 

28 

* more details are provided in chapter 2 of this thesis 

When comparing the LODs of isopropyl alcohol in an LCW12 and toluene in a polished 
stain-less steel capillary,13 it becomes apparent that the LCW significantly improves 
the detection limit. The LOD for isopropyl alcohol is approximately 50 times lower than 
for toluene despite using higher wavelength and significantly lower laser power in the 
LCW. This highlights the significant signal intensity enhancement resulting from total 
internal reflection in the LCW compared to diffuse reflection in the polished metal 
capillary. Most dissolved solutes such as sugars14, 28 or the methoxyphenol isomers27 
achieve LODs approximately between 60 – 510 µg injected on column which is 
significantly higher than the LOD achieved for a neat liquid such as isopropyl alcohol 
(0.0158 µg) diluted in water. On the other hand, dissolved solutes such as 4-
nitroaniline or caffeine could be detected in the lower microgram range (0.5 – 5 µg) 
either due to favorable scattering properties of the substance detected20 or due to laser 
powers applied in the LCW.16 

In comparison to other techniques coupled with LC such as refractive index detection 
(RI),29 evaporative light scattering (ELSD),30 and mass spectrometry (MS)31, the LOD 



Introduction 

 

9 

achieved with Raman detection is significantly higher. An LOD of 74 µg could be 
achieved for sucrose by coupling HILIC with Raman detection.28 Similar 
chromatographic conditions coupled with other detectors such as RI, ELSD, and MS 
achieved detection limits in the low microgram to sub-microgram range with LODs of 
3.2 µg, 0.34 µg, and 0.05 µg, respectively,29-31 highlighting the inherently low sensitivity 
of Raman spectroscopic detection. On the other hand, RS provides additional spectral 
information that can be used to unambiguously identify compounds that might co-
elute.13 

In summary, various analytes have been analyzed with Raman spectroscopic 
detection after LC ranging from neat liquids such as alcohols, toluene13 or carbon 
tetrachloride9 to various solutes such as nitroaromatics20 or azobenzene,9 
nucleotides,32 sugars,28 and hemoproteins.10 However, in most studies artificial 
mixtures or pure compounds were analyzed rather than real samples. The detection 
and quantification of different sugars in native honey28 is the only example of a real 
sample analyzed by Raman spectroscopic detection for liquid chromatography. 
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1.2 Biopharmaceuticals 

Raman spectroscopy can provide insights into the structure of molecules. Since the 
present thesis focusses on the analysis of proteins and biopharmaceutical products, 
chapter 1.2 highlights main aspects of the native structure of proteins and its relevance 
in functionality and activity. In addition, biopharmaceutical development of therapeutic 
proteins is presented in detail giving insights into the biopharmaceutical production, 
formulation considerations and the importance of biopharmaceutics in disease 
treatment and prevention. 

1.2.1 Proteins 

1.2.1.1 The native structure 

Natural proteins mainly assemble from the 20 canonical amino acids. The various 
amino acids are covalently linked by an amide bond, the so-called peptide bond, which 
builds the backbone of the three-dimensional structure of a protein.33 The three-
dimensional structure of a protein arises from its primary structure, i.e. its amino acid 
sequence.34 

In Figure 1-2, two consecutive peptide bonds within the polypeptide chain are depicted. 
The peptide bond is planar due to steric limitations (plane is shown as grey rectangle). 
However, rotations are possible along the Cα-C (ψ-angle) and the N-Cα bonds (φ-
angle) between the different peptide bonds enabling folding of the polypeptide chain.35 

 

Figure 1-2: Rotational angles within the polypeptide chain. Adapted from Alberts et al.35 

Folding into its native structure is a spontaneous process which is supported by various 
intra- and intermolecular interactions such as hydrogen-bonding, ionic, van der Waals 
and hydrophobic interactions.34 

Hydrogen-bonding between the C=O of one peptide bond and the N-H group of 
another peptide bond results in sections of regular, repeating folding patterns.35 The 
most common secondary structural elements in proteins include α-helices, β-sheets 
(both regular folding) and random coils (irregular folding).36 
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Figure 1-3: Secondary structural elements in proteins: α-helix. Adapted from Alberts et al.35 

α-helices are formed by hydrogen-bonding interactions between the carbonyl oxygen 
and the amino nitrogen of the ith and i+4th amino acid along the peptide backbone. The 
amino acid side chains (R in Figure 1-3) are oriented towards the outside of the helix.36 
Figure 1-3 demonstrates the α-helix conformation. 

 

Figure 1-4: Secondary structural elements in proteins: β-sheet. Adapted from Alberts et al.35 
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The β-sheet structures result from hydrogen-bonding between different neighboring 
strands of the polypeptide backbone that are oriented either parallel or antiparallel to 
each other.33, 35 In an antiparallel β-sheet, the polypeptide chains run in opposite 
directions, alternating between C-to-N terminal and N-to-C terminal. In contrast, in a 
parallel β-sheet, all strands run in the same direction.37 In β-sheet conformation the 
amino acid side chains (R in Figure 1-4) are alternately oriented above or below the 
plane of the β-sheet as demonstrated in Figure 1-4 for the antiparallel β-sheet.33, 35 
Other secondary structures include the π-helix and the 3₁₀-helix,38 and β-turns.33 
Loops and β-turns can connect other secondary structural elements by changing the 
direction of the polypeptide chain and thereby allowing to create a more compact three-
dimensional structure.39 

Various interactions between the amino acid side chains such as hydrophobic 
interaction, hydrogen-bonding, electrostatic forces and the formation of covalent 
disulfide bonds result in the formation of the tertiary structure of the protein.37 Thus, 
the tertiary structure derives from the three-dimensional arrangement of various 
secondary structural elements.39 The different properties of the amino acid side chains, 
e.g. polar or non-polar, positively or negatively charged, influence the individual 
conformation of each protein. Furthermore, hydrophobic interactions play a major role 
in the folding process as native proteins have hydrophobic cores in aqueous media. 
Thus, non-polar amino acid residues will be orientated towards the hydrophobic core 
whereas polar or charged amino acid side chains are more likely to be at the 
hydrophilic surface of the native protein.35 

Various proteins, e.g. hemoglobin, assemble from more than one polypeptide chain. 
The quaternary structure is given by the arrangement of several subunits, i.e. the 
individual polypeptide chains, to form the native conformation of the protein.37 

According to their shape and solubility proteins can be differentiated into three major 
classes: fibrous, globular and membrane proteins. Fibrous and membrane proteins are 
generally insoluble in aqueous media. In contrast, globular proteins are highly soluble 
in aqueous media. The shape of fibrous proteins is rod-like whereas globular proteins 
have a nearly spherical shape.37 

1.2.1.2 Functionality and activity 

Proteins are versatile macromolecules that fulfill essential and highly diverse functions 
within the human body. For example, they act as catalysts for biochemical reactions, 
form receptors and channels in membranes, and facilitate the transport of a wide 
variety of molecules either intracellular or through the whole body.40 

The function of a protein is determined by its distinct three-dimensional structure.39 The 
native conformation is important for proteins to serve various physiologically relevant 
functions. A misfolding of their native conformation can result in protein aggregation 
which can create a pathogenic form. For example, neurodegenerative diseases such 
as Alzheimer's and Parkinson’s disease are characterized by the misfolding and 
aggregation of a specific protein.41 Another example is the autosomal recessive 
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disease cystic fibrosis where affected individuals have a mutation in the CFTR gene 
leading to misfolding and consequent degradation or dysfunction/altered expression of 
the CFTR protein.42 

The conformation of proteins is highly specific and conserved, meaning that certain 
amino acid residues are precisely positioned within the three-dimensional structure to 
enable functionality at the active sites. This allows for catalytical activity of enzymes or 
high-affinity binding of targeted molecules.39 For example, antigen-antibody 
interactions often lead to conformational changes in the contact surfaces of both the 
antigen and antibody.43 Furthermore, hemoglobin experiences distinct conformational 
changes in the tertiary structure upon binding of ligands such as oxygen. These 
structural changes also affect the unliganded subunits and thus increase their affinity 
to bind oxygen. This phenomenon is known as allosteric activation and highlights the 
importance of the higher-order structure for functionality.44 

In addition to the conformation, post-translational modifications (PTMs) like 
glycosylation, phosphorylation, and acetylation affect the biological structure, function, 
and activity of proteins.45 The antibody-dependent cellular cytotoxicity (ADCC) potency 
depends on the glycosylation pattern of a monoclonal antibody.39 For example, the 
lack of fucose in the glycosylation pattern of the fragment crystallizable (Fc) region can 
lead to increased binding of FcγRIIIa receptor, which results in an enhanced immune 
response against cancer cells based on ADCC and antibody-dependent cellular 
phagocytosis. Therefore, strategies such as glycoengineering are used in the 
development of therapeutic proteins to actively influence pharmacokinetics and 
pharmacodynamics to achieve an optimal function of the therapeutic proteins.46 

1.2.2 Biopharmaceutical products 

1.2.2.1 Biotechnological production 

Proteins are usually produced biologically or biotechnologically in living cells or 
organisms. The first protein therapeutics, e.g. insulin for the treatment of diabetes 
mellitus, had to be extracted from animals’ pancreases.47 Recombinant DNA 
technology enabled a break-through in the production of therapeutic proteins since it 
has several advantages over isolation of non-recombinant proteins. The gene 
sequence can be modified using recombinant technology to achieve improved 
specificity or function, which can lead to highly specific activity and a decreased 
immunological response for recombinant proteins through targeted expression of a 
desired gene.40 Furthermore, the production of recombinant proteins is more efficient 
and offers better scalability, as it does not rely on material from living organisms. On 
the one hand, this avoids the risk of transmissible viral or prion diseases and, on the 
other hand, enables a significantly higher production volume.40, 46 

The production of therapeutic proteins by recombinant DNA technology is a multistep 
process, starting with the selection of a target gene.48 Different approaches are applied 
to discover and identify potential protein therapeutics. Certain target proteins can be 
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isolated and purified from an organism or bodily fluids. In addition, hybridoma 
technique and transgenic technology are used to screen for new antibody 
candidates.49 De novo protein design enables the discovery and creation of proteins 
and structures beyond those found in nature and encoded by evolution in the 
genome.50 All these approaches can result in the identification of a gene of interest 
which is used for biotechnological production. 

Today, most protein therapeutics are produced by recombinant DNA technology in a 
diverse range of organisms including bacteria, yeast, fungi, mammalian cells, insect 
cells, and transgenic animals and plants.40, 51 The expression system has an influence 
on the biological activity of the proteins as the various systems result in different PTMs 
of the protein. In particular, the glycosylation pattern significantly influences the activity, 
half-life, and immunogenicity of the therapeutic protein in vivo.40 E. coli is among the 
most important production systems for non-glycosylated therapeutic proteins such as 
insulin. Mammalian cells are preferred if PTMs such as glycosylation sites are required 
to prevent immunogenic responses and ensure the stability and activity of the 
therapeutic proteins.48 Chinese hamster ovary (CHO) cell lines are among the most 
commonly employed mammalian cell lines, e.g. for the production of many monoclonal 
antibodies.52 

Depending on the cell line, i.e. prokaryotic or eukaryotic, different techniques are used 
to either transform the target gene into prokaryotic cells or transfect it into eukaryotic 
cells. In the case of bacterial cells, the target gene is inserted into an expression vector, 
followed by the transformation of the vector into the prokaryotic cells.48 In the case of 
mammalian cell lines, the gene of interest can be transfected either using a viral vector, 
(physico-)chemical methods or hybrid strategies of both techniques. After transfection, 
high-productivity clones are selected from the transfected cells to maximize the 
production yields in the growth stage.52 The clonal cells are then cultivated in growth 
medium to achieve high production yields of the recombinant protein, which is finally 
isolated and purified from the culture medium.48 The growth in cell culture conditions 
is referred to as upstream processing, whereas the harvest and purification steps are 
part of the downstream processing.53 

1.2.2.2 Formulation considerations 

Proteins are sensitive to environmental influences such as thermal stress or shear 
stress, and changes in pH which can occur during the production process, shelf life or 
transportation. Thus, proteins are prone to physical or chemical instability. Physical 
instability causes denaturation of the proteins and the formation of aggegrates.54 
Chemical instability leads to, e.g. oxidation, reduction, deamidation, hydrolysis, 
fragmentation, isomerization, formation of additional acidic or basic variants, Maillard 
reaction in glycosylated proteins, and C-terminal clipping.55 

In addition, the high molecular weight of proteins leads to a reduced permeability in 
mucosal or cell membranes, and skin. Thus, injections are the most important route of 
administration including intravenous, intramuscular and subcutaneous injections.56 
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Proteins are usually formulated as liquid or lyophilized products to create an 
acceptable shelf life while preserving the activity and minimizing the potential for 
adverse immune responses. Especially monoclonal antibodies have EC50 values 
10 – 1,000 times higher than for other proteins, requiring antibodies to be formulated 
at high concentrations to reduce the dose volume. However, high concentrations 
increase the tendency of proteins to aggregate.54 Therefore, formulation excipients 
play a crucial role in stabilizing antibodies in solution, for example by preventing their 
aggregation.57 Sugars and polyols, amino acids, antioxidants, preservatives, 
surfactants, salts and buffers have proven to stabilize antibodies and to facilitate their 
administration. Each of these excipients has a certain function. Table 1-2 provides an 
overview of the functions of different excipient classes and gives some examples of 
commonly used substances.58 

Table 1-2: Common excipients in biopharmaceutical products and their function adapted from 
D. J. A. Crommelin et al.58 

Excipient class Function Examples 

amino acids 

stabilization, viscosity reduction, tonicity, 

pH control, bulking agent for freeze-dried 

products 

arginine, glycine, histidine, 

lysine, proline 

antioxidants oxidation prevention 
methionine, sodium 

edetate 

buffers pH control, tonicity 
histidine, phosphate, 

acetate, citrate, succinate 

preservatives bacterial growth prevention 
m-cresol, benzyl alcohol, 

phenol 

salts tonicity, stabilization, viscosity reduction sodium chloride 

sugars, polyols 

tonicity, stabilization, cryoprotection; for 

freeze-dried products: lyoprotection, 

bulking agent, reconstitution improvement 

sucrose, trehalose, 

mannitol, sorbitol 

surfactants 
adsorption prevention, solubilization, 

stabilization, reconstitution improvement 

polysorbate 20, 

polysorbate 80, 

poloxamer 188 

 

Buffers and amino acids can stabilize the pH and ionic strength of the solution, which 
is important to enhance the solubility of the protein. The pH affects the net charge of a 
protein, thereby influencing its solubility. Surfactants are commonly used to prevent 
adsorption of protein to hydrophobic surfaces. On the one hand, adsorption reduces 
the total amount of active ingredient and on the other hand, it may promote protein 
aggregation due to partial unfolding caused by the adsorption to surfaces. Surfactants 
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prevent protein adsorption as they adhere to hydrophobic surfaces and expose their 
hydrophilic groups. Aggregation due to high concentration or conformational instability 
can be prevented by adding sugars, adjusting the pH and ionic strength. However, it is 
important to note that only non-reducing sugars should be used, since reducing sugars 
may induce chemical instability through the Maillard reaction. In addition, sugars and 
polyols are used as lyo- and cryoprotectors. Antioxidants are added to prevent physical 
instability of the protein caused by oxidation of specific amino acids. Preservatives 
should inhibit microbial growth in the biopharmaceutical product in multi-dose 
containers. Parenteral administration requires an adequate tonicity of the product. 
Therefore, buffers, amino acids, sugars and polyols, and salts are added to adjust the 
tonicity of the product.58 All these surrogates must be separated from the therapeutic 
proteins to obtain Raman spectra solely of their structure. 

1.2.3 Therapeutic Proteins: Importance and treatment options 

Whereas therapeutic strategies in the 20th century were predominantly based on small-
molecule drugs, the beginning of the 21st century marked the era of a new class of 
pharmaceuticals in disease treatment: biologics / biopharmaceuticals. Biologics are 
highly complex molecules which are produced using biological or biotechnological 
processes, involving living cells or organisms. This distinguishes them fundamentally 
from small-molecule drugs, which can be synthesized through conventional chemical 
methods. Biologics are a highly heterogeneous class of therapeutics, including for 
example peptides, proteins, as well as cells and tissues. 

In 1982, the rise of modern therapeutic proteins began with the FDA approval of 
Humulin (insulin) – the first recombinant, protein-based therapeutic. Approximately 40 
years later, in 2021, the FDA approved the 100th unique monoclonal antibody.46 
Recombinant antibodies and their derivates, i.e. monoclonal antibodies, antibody 
fusion proteins, nanobodies, and antibody-drug conjugates, account for more than 
40 % of all biopharmaceutical products approved in Germany and for 64 % of the 
candidates in the development pipeline, highlighting their importance in the 
biopharmaceutical sector.59 Current market projections for 2025 underline the 
increasing importance of biologics in disease treatment, since 8 of the 10 top-selling 
drugs worldwide are biopharmaceutical drugs. Among these forecasted top-selling 
biologics are four monoclonal antibodies as well as four peptide-based drug products.60 
In 2024, biopharmaceuticals accounted for 64 % of all new drug approvals in the 
European Union and achieved a 35 % share of the total pharmaceutical market with a 
revenue of around 21.4 billion €.59 

The development of biopharmaceutical products such as therapeutic proteins led to 
diverse treatment options for patients suffering from autoimmune diseases,61, 62 
cancer,63, 64 hemostasis disorders,65 neurological disorders,66 diabetes mellitus46 or 
infectious diseases.67 Leader et al.40 developed a pharmacological classification for 
therapeutic proteins based on their function as depicted in Figure 1-5. Proteins can be 
divided into four main categories: enzymatic / regulatory activity, special targeting 
activity, protein vaccines, and protein diagnostics.40 
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Figure 1-5: Overview of the pharmacological classification of therapeutic proteins according to 
Leader et al.40 

Proteins of the first group fulfill an enzymatic or regulatory activity in the body. 
Depending on the subclasses, these proteins are divided into therapeutic proteins that 
replace a deficient or abnormal protein within the body, proteins that augment an 
existing pathway or they provide a novel function or activity.40 The application of insulin 
for the treatment of diabetes mellitus and providing exogenous lactase in patients 
suffering from lactose intolerance are examples of enzymatic activity from 
Group IA.68, 69 Proteins of the second group deliver compounds and interfere with a 
molecule or organism. Monoclonal antibodies and antibody-drug conjugates used in 
cancer therapy are among this group.40 Monoclonal antibodies effectively interfere with 
the processes of the immune system with their targeted binding properties, e.g. by 
inducing ADCC.70 Antibody-drug conjugates can target tumor cells and deliver 
conjugated cytotoxic agents to these cells which interrupt cell proliferation.71 Protein 
vaccines are designed to protect against infectious diseases or toxins. For example, 
recombinant proteins can be used to improve immunogenicity by covalently binding to 
a specific antigen.72 Another approach involves using recombinantly produced capsid 
proteins, which are assembled into virus-like particles, to create a non-infectious 
vaccine.73 Protein diagnostics can be used for in vivo or in vitro diagnostics of various 
diseases. For example, monoclonal antibodies conjugated with radioactive isotope 
111indium or with a fluorescent dye such as IRDye800CW enable targeted binding to 
tumor cells. In combination with imaging techniques such as computer-assisted 
tomography and magnetic resonance imaging, protein diagnostics can aid in diagnosis 
and staging of cancer.74 Thus, therapeutic proteins are a versatile class of active 
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ingredients that can be effective in the treatment and curing of various conditions and 
diseases. 
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1.3 Protein characterization 

1.3.1 Benefits and challenges of Raman spectroscopy for protein analysis 

In general, typical benefits, e.g. non-destructive and label free application, high 
compatibility with aqueous or saline media, and identification based on vibrational 
modes and challenges such as fluorescence interference or low sensitivity also apply 
to the analysis of proteins. However, this chapter focuses on aspects of analyzing 
proteins using Raman spectroscopy and biochromatography. 

RS is sensitive to the conformation of a protein and therefore certain marker bands of 
the tertiary and particularly the secondary structure are often used to analyze changes 
in protein structure related to folding/ unfolding75 or especially in the formation of 
aggregates.41, 76-79 Besides mechanistic studies employed to understand the 
processes involved in protein folding and aggregation, other studies used RS to 
examine aggregates, i.e. amyloid fibrils, in various tissue samples.80-82 Therefore, RS 
is beneficial in the analysis of the three-dimensional structure of proteins. In Figure 1-6 
some of the characteristic parts in a protein Raman spectrum are highlighted which 
provide information on the secondary and tertiary structure of a protein. 
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Figure 1-6: Raman spectrum of hen egg white lysozyme adapted from J. Thissen.83 Information 
related to the secondary structure (pink) and to the tertiary structure (blue) of the protein is 
highlighted and can be found in the literature.84, 85 

For example, the Amide I band results mainly from the stretching mode of the carbonyl 
group of the peptide bond. The three-dimensional orientation and hydrogen bonding 
strength of the polypeptide chain affect the vibrational frequency giving rise to different 
Raman shifts for structural elements such as α-helix, random coil or β-sheet due to 
different dihedral angles of the backbone conformation.86, 87 The vibrational modes of 
the secondary structural elements commonly overlap in Amide I band. Therefore, 
various conformations can result in different maximum position of Amide I band.85 In 
addition, the shape of the Amide III band is influenced by secondary structures in 
protein conformation.87 The α-helices contribute to the Amide III band at a Raman shift 
of 1,270 – 1,300 cm-1, while β-sheet or random structure correspond to Raman shifts 
of 1,230 – 1,240 cm-1 and 1,240 – 1,250 cm-1, respectively.87 In the backbone skeletal 
stretch region, the positions of Cα-C or N-Cα-C stretching modes are influenced as well 
by secondary structure. While α-helical structure leads to bands at ~900 cm-1 and 
between 930 – 950 cm-1, bands for β-sheet rich proteins can be observed between 
960 – 980 cm-1.77, 78, 86, 87 
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In addition, information on the tertiary structure can be gained especially by analyzing 
the different vibrations related to the aromatic amino acids tyrosine and tryptophan. 
The intensity ratio of the tyrosine fermi doublet I850/I830 provides insights into the 
hydrogen bonding state between phenyl-OH group of tyrosine and solvent molecules. 
Changes in the microenvironment of tyrosine, e.g. due to aggregation, can be derived 
from this intensity ratio.79 Furthermore, the tryptophan fermi doublet I1360/I1340 is 
sensitive to the hydrophobicity of the surrounding environment of the indole ring, i.e. 
solvent or residues of other amino acids. The ratio increases if the hydrophobicity of 
the microenvironment increases.88 These were examples to highlight the possibilities 
of RS to analyze the conformation of proteins. Further information on structural 
analysis of proteins applying Raman spectroscopy is summarized in various  
reviews.85-87 

In quality assurance and evaluation, reliable and objective differentiation of spectra 
acquired by vibrational spectroscopy is challenging.89 Despite qualification of 
differences, also quantification of changes in the Raman spectrum such as changes in 
the Amide I band can be demanding. Therefore, RS is commonly combined with 
chemometric tools for a more comprehensive and reliable data evaluation. Peak 
deconvolution based on band curve fitting can be applied to investigate the relative 
amounts of different secondary structures more in detail.78, 79, 90 Furthermore, the 
combination of band curve fitting with partial least squares (PLS) regression modeling 
as a machine learning tool enabled accurate prediction of the secondary structural 
content for proteins.91 Principal component analysis (PCA) can reveal variances 
between spectra, allowing three different monoclonal antibodies in three batches to be 
distinguished.92 In another study, PCA could resolve spectral variances related to 
changes in the secondary and tertiary structure of an investigated protein due to 
varying formulation conditions.93 Multivariate curve resolution alternating least squares 
(MCR-ALS) can resolve pure spectra of individual components in a multi-component 
system which can be applied to quantitate the amount of secondary structural elements 
based on Amide I band.94 

In summary, RS provides a variety of selective information on the conformation of 
proteins, enabling the analysis of changes in the higher-order structure and 
differentiation of proteins according to their Raman spectra. Chemometric analysis 
tools offer further possibilities to analyze protein samples more in depth. 

1.3.2 Biochromatography – Benefits and challenges in coupling with Raman 
spectroscopic detection 

In biopharmaceutical development, comprehensive characterization of 
biotechnological or biological products (ICH Q6B) and stability testing (ICH Q5C) is 
required by regulatory authorities to obtain marketing authorization.95, 96 
Biochromatographic modes such as ion exchange chromatography (IEX), hydrophobic 
interaction chromatography (HIC), and size exclusion chromatography (SEC), can 
contribute to the comprehensive characterization and stability testing of 
biopharmaceuticals.97 The following chapter outlines the properties of the different 
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chromatographic techniques focusing on commonly applied mobile phases and elution 
modes. 

IEX enables separation of charge variants of monoclonal antibodies and their 
derivates. Degradation processes such as deamidation or isomerization can result in 
the formation of acidic or basic variants and thus, potentially impact stability and 
biological activity of the therapeutic proteins. The separation in IEX is based on 
electrostatic and ionic interactions of proteins with a charged stationary phase. 
Depending on the stationary phase, a distinction can be made between cation (acidic 
functional groups) and anion (basic functional groups) exchangers and further into 
weak and strong exchangers. Elution of the analytes is performed by an increase in 
ionic strength, a change in pH or a combination of both.98 Protein separations are 
frequently performed with 2-(N-morpholino)ethanesulfonic acid (MES), phosphate or 
citrate buffers depending on the isoelectric point of the protein and the acid dissociation 
constant of the stationary phase material. Salt gradient elution is typically conducted 
with sodium or potassium chloride. pH elution usually requires a mix of different 
buffering species which include imidazole, triethylamine, diethylamine, ammonium 
hydroxide, piperazine or tris base.99 

SEC can be applied to assess the molecular size of the monomeric protein as well as 
to quantify the content of potentially formed aggregates or fragments that are 
considered as a product-related impurity according to ICH Q6B.95 While most 
separation techniques are based on partition chromatography, the separation in SEC 
is driven by the permeation of molecules into a porous stationary phase material. The 
stationary phase of modern analytical SEC columns consists of spherical porous 
particles with a controlled pore size. Proteins are separated based on their 
hydrodynamic radius as they diffuse into the pores of the stationary phase.100 
Biomolecules with a smaller hydrodynamic radius can diffuse in more and smaller 
sized pores and thus elute at higher elution volumes, whereas larger sized proteins 
elute at lower elution volumes as demonstrated in Figure 1-7.101 



Introduction 

 

23 

 

Figure 1-7: Separation principle of size exclusion chromatography adapted from J. Thissen.83 

In an ideal setting, the separation should be driven by entropic processes without any 
adsorption to the stationary phase.100, 102 However, electrostatic and hydrophobic 
interactions of proteins with the charged surface sites of the stationary phase are well 
described in the literature.100, 102 These interactions can lead to shifts in the elution 
volume, peak asymmetry or peak tailing. Therefore, mobile phases with increased ionic 
strength of typically 50 – 200 mM are applied to reduce especially the electrostatic 
interactions of the proteins with the stationary phase material. Sodium or potassium 
chloride or sodium sulfate can improve the peak shape and thus are frequently added 
to the mobile phase at a concentration of 10 – 250 mM.100 

HIC as well as reversed-phase chromatography (RP) can be applied to analyze 
hydrophobicity of different monoclonal antibodies. However, while HIC is non-
denaturing for proteins, RP conditions, i.e., elevated temperature and organic solvents 
as mobile phase, lead to denaturation of proteins. The retention mechanism is based 
on hydrophobic interactions of the protein with the stationary phase. In general, 
stationary phase materials are less hydrophobic than common RP stationary phases. 
Elution in HIC is performed by an inverse gradient meaning that the ionic strength of 
the mobile phase is decreased during the gradient elution. The lyotropic or Hoffmeister 
series determines the influence of different salts on the hydrophobic interaction. Anions 
such as phosphate, sulfate, acetate or chloride promote hydrophobic interactions and 
protein precipitation in combination with cations such as ammonium, potassium or 
sodium. Typically, sodium or ammonium sulfate as well as sodium chloride or 
ammonium acetate are applied as mobile phase in HIC. In comparison to IEX or SEC, 
high salt concentrations are applied in HIC which depend on the strength according to 
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the lyotropic series. While weaker salts are applied at concentrations of 3 – 5 M, 
stronger salts can be effective at 1 – 1.5 M concentration. The addition of organic 
modifier such as isopropyl alcohol can improve the retention and selectivity, however, 
applying salt gradient elution is the most effective way for method development.103 

In addition to IEX, SEC, and HIC, RP and HILIC can be found as biochromatographic 
modes for protein analysis.97, 104 However, organic solvents commonly used as mobile 
phase in RP and HILIC cause denaturation of proteins which limit their application in 
online coupling with RS. Besides, affinity chromatography (AC) provides an alternative 
selectivity which is based on a highly specific interaction of the protein with a distinct 
affinity ligand bound to the stationary phase.105 However, the affinity to certain ligands 
is not a universal property of proteins. Thus, the applicability of AC coupled with RS 
would be limited to specific protein classes, e.g. immunoglobulin G1. Organic buffers 
used in IEX would be challenging as these compounds have a higher number of bonds, 
potentially leading to more bands within the Raman spectrum which could obscure 
protein Raman bands. The same applies to organic anions such as acetate or citrate 
which might be used in HIC, besides inorganic anions. Inorganic buffers are favorable 
for coupling IEX or HIC with RS. Therefore, salt gradient elution in IEX would be 
advantageous over pH gradient elution. Considering the data processing and removal 
of the mobile phase Raman bands from the analyte spectra, isocratic elution performed 
in SEC is beneficial in comparison to gradient elution of IEX and HIC. However, 
gradient elution might yield higher resolution and sharper peak profiles. On the other 
hand, method development in IEX and HIC is more challenging due to the gradient 
elution where different salts directly influence the selectivity of the phase system. 
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1.4 Proteins analyzed within the thesis 

1.4.1 Serum albumin 

Bovine serum albumin (BSA) and porcine serum albumin (PSA) are globular proteins 
from different species with molecular weights of approximately 66.4 kDa (BSA)106 and 
67.5 kDa (PSA).107 Serum albumin maintains oncotic pressure108 and transports a wide 
range of endogenous and exogenous molecules (including hormones, vitamins, 
minerals, and drugs). The various molecules bind to numbers of different binding sites 
to be transported through the blood stream.109 It is the most abundant protein in the 
plasma of mammals.108 BSA and PSA share a sequence identity of 79.2 % and a 
sequence similarity of 87.1 %.110 

BSA and PSA are initially expressed in vivo as pre-proalbumin (607 amino acids) 
containing a signal sequence and an additional propeptide. However, the mature 
proteins both have a sequence length of 583 amino acids.108, 111 The three-dimensional 
structures of BSA and PSA are demonstrated in Figure 1-8. 

 

Figure 1-8: Three-dimensional structures of BSA (A) and PSA (B). BSA (PBD-ID: 4F5S) was taken 
from Bujacz et al.109, 112 PSA (AF-P08835-F1-v4).113 was predicted by AlphaFold.114, 115 Model 
confidence as per-residue confidence score (pLDDT) and coloring code of the predicted 
structure (B): very high (pLDDT > 90, dark blue), confident (90 > pLDDT > 70, light blue), low 
(70 > pLDDT > 50, yellow), very low (pLDDT < 50, orange). 

Serum albumin is built from three domains.109 The secondary structure of BSA consists 
mainly of α-helices (74 %) in addition to turns.106 

BSA is used in the production process of different vaccines. Therefore, various 
vaccines contain residual amounts of BSA which can be found in the prescribing 
information of the drug products.116-118 

A B
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1.4.2 Hen egg white lysozyme 

Hen egg white lysozyme (HEWL) is a globular protein with a molecular weight of 
14.3 kDa and a sequence of 129 amino acids.77, 106 The biological function of HEWL is 
breaking down bacterial cell walls, thus, providing an antimicrobial activity.106 The 
three-dimensional structure of HEWL is depicted in Figure 1-9. 

 

Figure 1-9: Three-dimensional structure of HEWL (PDB-ID: 2EPE) taken from Naresh et al.119 

HEWL has two domains and four intramolecular disulfide bridges. One domain 
consists of four α-helices and a 310-helix whereas the other domain contains a triple-
stranded antiparallel β-sheet.78, 106 

1.4.3 β-lactoglobulin 

Bovine β-lactoglobulin (bLG) can be obtained from cow's milk. It has a sequence of 
162 amino acids and a molecular weight of 18.4 kDa.120 BLG forms stable dimers in 
solution in the pH range between 3.5 and 8.5. BLG enables binding and transport of 
small hydrophobic molecules such as fatty acids and retinoids. However, its biological 
function remains still unknown.121 The conformation of bLG is demonstrated in 
Figure 1-10. 

 

Figure 1-10: Three-dimensional structure of bLG (PDB-ID: 3NPO) taken from Loch et al.121, 122 

BLG belongs to the family of lipocalins which is a group of proteins with a characteristic 
β-barrel structure, the so-called calyx. The β-barrel assembles from eight-strands and 
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is surrounded by flexible loops. The loops are sensitive to pH changes which cause 
them to reversibly close or open access to the β-barrel core. The inside of the β-barrel 
is a binding pocket for the hydrophobic molecules. In addition, bLG contains an α-helix 
and a single β-strand that is organized in a β-α-β motif with one β-strand of the calyx. 

The formation of dimers is enabled by the formation of hydrogen bonds between the 
single β-strands within each monomer. Two intra-molecular disulfide bridges stabilize 
the tertiary structure of the protein.121 

1.4.4 Immunoglobulin G 

Immunoglobulin G (IgG) antibodies have a molecular weight of approximately 150 kDa. 
IgG assembles from two identical heavy chains and two identical light chains. Disulfide 
bonds between both heavy chains and between each heavy and a light chain connect 
the four individual polypeptide chains.123 IgG has a Y-shaped conformation with two 
fragment antigen binding sites (Fab) at the variable regions and the fragment 
crystallizable (Fc) at the constant regions as demonstrated in Figure 1-11. Antibodies 
specifically bind to targeted antigens at both their Fab and mediate reactions of the 
immune system by binding at the Fc to certain receptor molecules of other components 
of the immune system.43, 123 Each of the Fab consists of two characteristic β-barrel 
structures that both arise from two anti-parallel β-sheet structures that are each 
connected with an intramolecular disulfide bridge. The individual strands of the β-
sheets are connected by loops. The Fc assembles from two distinct domains CH2 and 
CH3 (see Figure 1-11). Additional antiparallel β-sheet structures in combination with 
less ordered conformation can be observed in Figure 1-11 for that part. Furthermore, 
the glycosylation sites with the glycans are at the CH2 domain.93 

 

Figure 1-11: Three-dimensional structure of an IgG2 mouse antibody (PDB-ID: 1IGT)124, 125 taken 
from Chiu et al.43 The light chains are green, the heavy chains are cyan and blue, the 
glycosylation sites are orange and disulfide bonds are yellow.  

Rituximab, bevacizumab and daratumumab are monoclonal IgG1 antibodies that are 
produced by recombinant technology in CHO cell lines.126-128 Rituximab (RTX) is a 
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chimeric antibody consisting of human constant regions and murine heavy and light 
chain variable region sequences. RTX targets the transmembrane antigen CD20 and 
is indicated for the treatment of non-Hodgkin’s lymphoma, chronic lyphocytic 
leukaemia, rheumatoid arthritis, granulomatosis with plyangiitis and microscopic 
polyangiitis, and pemphigus vulgaris.126 Bevacizumab (BVCZ) is a humanized antibody 
which means that it contains murine complementarity-determining regions and a 
human framework. BVCZ binds to and inhibits the human vascular endothelial growth 
factor. BVCZ is approved for the treatment of metastatic colorectal cancer, first-line 
non-squamous non-small cell lung cancer, recurrent glioblastoma, metastatic renal cell 
carcinoma, and persistent, recurrent, or metastatic cervical cancer.127 Daratumumab 
(DRTM) is a human antibody which is indicated to treat multiple myeloma. DRTM binds 
to the CD38 antigen.128 Porcine serum contains IgG of six different subclasses.129 

1.4.5 Hemoglobin 

Hemoglobin (Hb) is responsible for the transport of molecular oxygen in the body. 
Bovine and porcine Hb have a sequence of 572 and 574 amino acid residues and a 
molecular weight of approximately 64.7 kDa and 64.8 kDa, respectively.130, 131 The 
conformation of Hb is shown in Figure 1-12. 

 

Figure 1-12: Three-dimensional structure of bovine Hb (A, PDB-ID: 2QSS) and porcine Hb (B, 
PDB-ID: 1QPW) taken from Aranda et al.131, 132 and Lu et al.,130, 133 respectively. 

Hb is a tetramer which assembles from two α-subunits and two β-subunits. Hb has a 
ring-shaped conformation with alternating α and β-subunits and a central water cavity. 
The α-subunits consist of 7 helices, while the β-subunits assemble from 8 helices. 
Each subunit has a binding pocket formed by two helices where one is covalently 
bound to the heme prosthetic group. Heme is a complex with a central iron atom 
coordinated by a porphyrin ring and enables oxygen binding through complex bonding. 
Allosteric changes in the structure enable binding and release of oxygen at the different 
tissues.44 
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1.5 Aims and Scope 

The online coupling of Raman spectroscopic detection (RS) to liquid chromatography 
(LC) can be particularly advantageous as RS provides selective structural information 
on molecules which can be used to identify various analytes. Thus, RS detection could 
complement concentration-based detectors such as UV or RI by adding structural and 
conformational insights. In general, RS is highly compatible with aqueously buffered or 
saline media which provide native conditions for proteins and therefore, particularly 
suitable for the structural analysis of proteins. Specific information on the higher-order 
structure can be obtained label-free and non-destructively, in addition to the detection 
of conformational changes as outlined in chapter 1.3.1. Chapter 1.1.2 highlighted the 
state-of-the-art in RS detection after chromatographic separation. The chapter 
revealed that studies mainly focused on pure compounds or artificial mixtures of 
selected analytes rather than on real samples. Therefore, this thesis should focus on 
the analysis of proteins in biopharmaceutical or biological samples to outline the 
possibilities to identify and analyze proteins in complex samples. In addition, the 
opportunities to characterize biopharmaceutical drug products should be addressed 
within the thesis. 

Thus, the main aim of this thesis is to explore the possibilities and limitations of 
applying RS detection to LC for investigating proteins and their prosthetic groups in 
biopharmaceutical or biological samples, thereby addressing various bioanalytical 
research questions. An overview of the main aspects of the thesis is visually depicted 
in Figure 1-13. 

 

Figure 1-13: Table of contents graphic. 
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The two analytical instruments, i.e. LC system and RS detector, are in the center of 
Figure 1-13. In the context of this work, “online coupling” means that the RS detection 
system is connected to the LC system via a flow path, while simultaneously enabling 
electronic signal transmission from the LC system to the RS detector. This allows 
spectra to be recorded in real time, while no additional external control is required 
during the measurements. The column compartment of the LC system contains the 
SEC column, which enables the separation of proteins from aggregates and low-
molecular weight substances based on the hydrodynamic size of the molecules. SEC 
was chosen as chromatographic mode due to its importance in the characterization of 
biopharmaceutical products as outlined in chapter 1.3.1. In addition, the aqueous 
buffers commonly used in SEC provide native conditions for proteins preserving their 
conformation and are highly compatible with RS detection due to the relatively weak 
and broad Raman signal of water. Furthermore, the isocratic elution is beneficial for 
data processing since it leads to a constant Raman signal of the mobile phase which 
only changes when compounds elute. 

In chapter 2 of the thesis, the detailed set-up of the online coupling, the principle of the 
LCW detection cell, and a brief overview on the state-of-the-art in online coupling LC 
and RS are provided. The term capillary-enhanced Raman spectroscopy (CERS), 
which derives from the effect that the LCW enhances the intensity of the scattered light 
at the detector, is coined in chapter 2. Furthermore, structural analysis of various well-
characterized proteins and a therapeutic protein in a biopharmaceutical product is 
performed in chapter 2 as illustrated by the drug vial in Figure 1-13. In addition, the 
detection limit for the functional excipient sucrose was determined to investigate the 
quantitative capabilities of the detector. Initial considerations regarding complex data 
processing were described and investigated. 

While chapter 2 deals with the establishment of the technique, starting with 
measurements of model proteins to a more complex sample such as a 
biopharmaceutical drug, chapter 3 should examine an even more complex sample 
such as blood serum. Serum is a natural mixture of many different classes of proteins. 
In Figure 1-13, the analysis of serum is depicted by the Greiner tube with a centrifuged 
blood sample. Chapter 3 focuses on the identification of different protein classes in 
hemolyzed serum. In addition, different oxidation and binding states of the heme 
prosthetic group of hemoglobin were investigated to find an adequate reference for 
identification of hemoglobin in serum. The hit quality index was established as a 
parameter for evaluating the similarity and purity of spectra and thus for the objective 
identification of substances. 

Chapters 2 and 3 revealed that the data pre-processing and evaluation of the coupled 
analysis system are extremely complex due to the multi-dimensionality of the data and 
require a significant amount of time if executed manually. In addition, a reproducible 
data pre-processing workflow is essential to reliably recognize and evaluate significant 
differences between various spectra. Therefore, chapter 4 focuses on the automated 
data pre-processing and evaluation for the comprehensive analysis of various 
biopharmaceuticals. Chapter 4 aims to investigate the capabilities of SEC-CERS to 



Introduction 

 

31 

distinguish monoclonal antibodies of the same protein class. In Figure 1-13, this is 
demonstrated by the monitor showing a chromatogram, a spectrum and a scores 
diagram of a principal component analysis. 
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2 Analysis of proteins and biopharmaceutical drug 
products 

Pretext 

In this chapter, a brief literature review of Raman spectroscopic detection coupled with 
liquid chromatography is provided in order to outline strategies to overcome the low 
sensitivity of Raman spectroscopic detection and to highlight the novelty of the 
approach of coupling SEC-CERS. The basic principle of capillary-enhanced Raman 
spectroscopy (CERS) by applying an LCW for Raman scattering signal enhancement 
is described as well as the detailed set-up of the analytical instrument. The continuous 
acquisition of scans without signal averaging and the concentration gradient of the 
chromatographic elution profile introduced new challenges for CERS data pre-
processing in comparison to conventional Raman spectroscopy. These challenges 
were addressed and evaluated to improve the signal-to-noise ratios in the Raman 
spectra. SEC-CERS was applied to elucidate and differentiate the higher-order 
structures of well characterized proteins such as bovine serum albumin, hen egg white 
lysozyme, and β-lactoglobulin and of the monoclonal antibody rituximab in a 
biopharmaceutical product. In addition, the functional excipient sucrose in the 
biopharmaceutical product Zirabev was quantified by CERS to investigate sensitivity 
and precision of SEC-CERS. 
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Abstract 

The online coupling of size exclusion chromatography (SEC) to capillary enhanced 
Raman spectroscopy (CERS) based on a liquid core waveguide (LCW) flow cell was 
applied for the first time to assess the higher-order structure of different proteins. This 
setup allows to record Raman spectra of the monomeric protein within complex 
mixtures, since SEC enables the separation of the monomeric protein from matrix 
components such as excipients of a biopharmaceutical product and higher molecular 
weight species (e.g. aggregates). The acquired Raman spectra were used for 
structural elucidation of well characterized proteins such as bovine serum albumin, hen 
egg white lysozyme, β-lactoglobulin and of the monoclonal antibody rituximab in a 
medicinal product. Additionally, the CERS detection of the disaccharide sucrose, which 
is used as a stabilizing excipient, was quantified to achieve a limit of detection (LOD) 
of 120 µg and a limit of quantification (LOQ) of 363 µg injected on the column. 
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3 Identification of protein classes in hemolyzed blood 
serum 

Pretext 

In this chapter, the online coupling of SEC-DAD-CERS is applied to identify different 
protein classes in a highly complex mixture of proteins such as hemolyzed serum. A 
calculated hit quality index was introduced and discussed to objectively evaluate the 
similarity and purity of sample spectra in comparison to reference spectra. In addition, 
different oxidation and binding states of the heme prosthetic group of hemoglobin were 
investigated in detail. 
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Abstract 

The analysis of serum for biomarkers is a standard method in clinical diagnosis and 
health assessment. The application of Raman spectroscopy to probe biomarkers in 
serum is increasingly investigated due to its time- and cost-efficiency. However, time-
consuming sample preparation is often required to analyze the serum samples. 
Additionally, hemolyzed samples are commonly discarded due to interferences in the 
measurements. This study focuses on the application of the online coupling of size 
exclusion chromatography (SEC) to diode-array-detector (DAD) and capillary 
enhanced Raman spectroscopy (CERS) for direct analysis of hemolyzed serum 
samples. We demonstrate that different protein classes such as serum albumin and 
immunoglobulin G (IgG) can be identified in hemolyzed serum according to a 
calculated hit quality index (HQI). Additionally, different oxidation and binding states of 
the heme prosthetic group are investigated at 532 nm excitation. The online coupling 
of SEC-DAD-CERS enables the detailed characterization of blood serum proteins, 
including the differentiation of IgG, serum albumin, and hemoglobin. 
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4 Comprehensive analysis of various biopharmaceutical 
products 

Pretext 

This chapter focuses on the automated data-processing and comprehensive analysis 
of various biopharmaceutical products analyzed by SEC-CERS. A detailed explanation 
of the pre-processing steps is provided giving a deeper understanding of the 
requirements for processing SEC-CERS data. The opportunities of different data-
analysis tools such as a hit quality index or a principal component analysis are 
investigated to address the challenge of objectively differentiating biopharmaceutical 
products according to their CERS spectra. In addition, the quantification of various 
compounds based on their Raman spectra is explored by applying multivariate curve 
resolution – alternating least squares. 
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Abstract 

Innovative hyphenated technologies, such as size exclusion chromatography coupled 
with capillary-enhanced Raman spectroscopy (SEC-CERS), enable more 
comprehensive analyses of biopharmaceutical drug products. However, specialized 
software for processing and analyzing data from these advanced techniques is often 
lacking. This study introduces the R package StreamFind, which is designed to help 
users seamlessly process both chromatographic and Raman spectroscopic data within 
an integrated workflow. We detail the implementation and structure of StreamFind and 
demonstrate its ability in the in-depth analysis of biopharmaceutical products. The 
study shows its capability to differentiate monoclonal antibodies and entire 
biopharmaceutical formulations and to quantify various components based on their 
Raman spectra. Principal component analysis (PCA) identified significant differences 
among the biopharmaceutical products analyzed, while multivariate curve resolution-
alternating least squares (MCR-ALS) proved to be an effective method for quantifying 
different components within these products. The StreamFind platform is designed to 
be extensible, to facilitate contributions from new users and to support the future 
integration of additional algorithms to process different types of complex analytical 
data. 
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5 Conclusion and Outlook 

The present thesis significantly contributed to the field of Raman spectroscopic 
detection for liquid chromatography by demonstrating the high applicability of online 
coupled size exclusion chromatography to capillary-enhanced Raman spectroscopy 
(SEC-CERS) for the analysis of various proteins and components in biopharmaceutical 
products. In comparison to most of the recent studies on Raman spectroscopic 
detection for liquid chromatography, SEC-CERS could successfully be applied to 
complex samples such as serum or biopharmaceutical products and address practical 
use cases such as the assessment of the higher-order structure in biopharmaceutical 
characterization or the analysis of biomarkers in hemolyzed serum which highlight the 
novelty and scientific importance of the present thesis. 

Initially, structural elucidation of the structurally well-characterized proteins bovine 
serum albumin, hen egg white lysozyme, and β-lactoglobulin and the monoclonal 
antibody rituximab in the biopharmaceutical product Rixathon was performed which 
outlined the capability of SEC-CERS to differentiate various proteins based on visual 
evaluation and band assignment of their structure. Rituximab as well as the functional 
excipient sucrose could be analyzed effectively without sample preparation in common 
concentration range of the dosage form. Furthermore, the determination of the higher-
order structure of therapeutic proteins such as rituximab, required by regulatory 
authorities in the characterization of new biopharmaceuticals, could be successfully 
addressed as a practical use case of SEC-CERS. In addition, the quantification of 
functional excipients such as the disaccharide sucrose by SEC-CERS demonstrated 
the high applicability of the online coupled approach in the characterization of 
biopharmaceutical drug products. 

Hemoglobin interferes with common analysis techniques applied for serum analysis 
which usually results in the disposal of hemolyzed samples,1 underlining the 
complexity of the sample analyzed by SEC-CERS. Biomarkers such as serum albumin, 
immunoglobulin G and hemoglobin could be successfully identified in hemolyzed 
serum based on reference spectra and reliably differentiated from each other by a hit 
quality index (HQI). The investigation of different binding and oxidation states of the 
heme prosthetic group revealed that oxygen binding is not accessible with SEC-CERS 
as oxygenation reaches an equilibrium state under the conditions of SEC. Oxidation of 
the heme group was irreversible under the conditions of the SEC which resulted in the 
reliable detection of methemoglobin. 

Identification based on visual inspection can be biased, therefore, HQI and principal 
component analysis (PCA) have been investigated to provide an objective measure of 
identification. HQI provided a more objective measure of the similarity of two distinct 
spectra than visual inspection. In comprehensive analysis of different 
biopharmaceutical products carried out with the monoclonal antibodies daratumumab, 
bevacizumab, and rituximab, HQI ≥ 0.95 could be achieved for spectra of the same 
antibody acquired in different runs. In serum, the highest HQI of 0.91 ± 0.01 could be 
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achieved for the protein class of serum albumins where bovine and porcine serum 
albumins were compared for HQI evaluation. However, for the other fractions lower 
HQI (ranging between 0.39 – 0.88) and particularly higher variances in the HQI 
between different runs of the same fraction were observed likely due to interferences 
caused by fluorescence such as differences in data processing and in the noise level. 
On the other hand, not matching spectra, i.e. spectra of different protein classes, 
resulted in a mean HQI of 0.07 ± 0.06. Thus, HQI allowed for a more comprehensible 
identification of various protein classes. In conclusion, the HQI is an appropriate tool 
to objectively measure the similarity between spectra which is necessary to reliably 
differentiate between spectra. However, the application of HQI is limited to direct 
comparison of two spectra and does not enable to potentially recognize regions which 
influence the HQI more significantly. PCA applied to SEC-CERS data of a chimeric, a 
humanized and a human IgG1 antibody in biopharmaceutical products indicated 
distinct, but subtle differences between the antibodies despite them all being the same 
class of antibodies (IgG1). In combination with the excipients, the three 
biopharmaceutical products could be distinguished unambiguously, which is in line with 
another study on the differentiation of IgG antibodies in formulation.2 The results of the 
PCA demonstrated the applicability of SEC-CERS to differentiate biopharmaceutical 
products which could be of interest in the quality control of biopharmaceutical products 
to analyze batch-to-batch consistency of the higher-order structure. In combination 
with a diode-array detector (DAD), SEC-DAD-CERS could be effectively applied to 
simultaneously analyze the molecular size and higher-order structure of the protein, 
while performing an impurity analysis regarding aggregate formation and quantity. 
Thus, SEC-DAD-CERS could be an effective approach to shorten analysis time and 
reduce costs by combining different techniques. However, since the data set was 
limited in this thesis, additional experiments on different batches and IgG1 antibodies 
must be performed to elaborate the applicability of SEC-CERS for quality control of 
monoclonal antibodies. 

The automated data processing and evaluation workflows applied for the 
comprehensive analysis of biopharmaceutical products and the data sets used in 
chapter 4 are available in a repository. This ensures the reproducibility of the workflows 
by other researchers and effectively shares data processing in science, besides 
contributing to the FAIR data principle.3 

For many proteins, Raman spectra of high quality could be acquired meaning that in 
addition to a high signal-to-noise ratio also lower intense bands could be clearly 
observed. However, due to the inherently low sensitivity of the Raman effect, the 
concentration of protein must be sufficiently high to enable the acquisition of 
appropriate Raman spectra. The concentration of common biopharmaceutical 
concentrates for preparation of parenteral dosage forms was sufficiently high for SEC-
CERS analysis. However, in serum only the high abundance proteins could be 
analyzed outlining a limitation of the online coupled system. Besides, the resolution of 
the SEC affected the sensitivity of the CERS detector and potentially led to co-elution 
of other compounds that could not be detected. Furthermore, aggregated species 
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could be observed for all proteins in chapter 2. However, it was not possible to retrieve 
Raman spectra of the aggregated species as demonstrated in Figure S2-2 in the 
supporting information of chapter 2. In particular, the structural analysis and 
recognition of aggregates is important in pharmaceutical quality control and in 
medicine. Aggregates potentially cause adverse immune response if administered to 
patients4 and therefore, the detection of aggregate levels is an important parameter in 
pharmaceutical quality control. In medical context, the analysis of aggregates is of 
interest to detect neurodegenerative diseases such as Parkinson’s or Alzheimer’s 
disease which are caused by the misfolding and fibrillar aggregation of certain 
proteins.5, 6 Thus, the analysis of aggregates would be an interesting field for 
investigation with SEC-CERS. However, the current set-up cannot detect soluble 
aggregates due to their relatively low concentration compared to the monomeric 
proteins. The sensitivity of SEC-CERS must be increased to investigate soluble 
aggregates which might be done by increasing the length of the liquid core waveguide 
(LCW). Therefore, future studies on CERS could focus on optimizing the length of the 
LCW. 

Within the thesis, the length of the LCW was kept at 20 cm length with an inner volume 
of approximately 6.5 µL to enable comparable results between the different chapters. 
According to the literature7-10 an increase in signal intensity for CERS might be possible 
by increasing the length of the LCW; especially considering the relatively broad peak 
widths of SEC that were observed in chapters 2 – 4. Thus, this might be an option to 
detect, e.g. aggregates, as mentioned before. However, band broadening and other 
chromatographic parameters such as different mobile phases, various inner diameters 
and the flow rate must be accounted for and therefore, the optimum length needs to 
be investigated in detail, which was beyond the scope of the thesis. 

Furthermore, chapter 3 demonstrated resonance enhancement of the heme prosthetic 
group, which provided highly selective information on the binding and oxidation state 
of heme. Laser wavelengths in the deep UV range can resonantly excite certain 
vibrations of the peptide backbone or various amino acid side chains if the laser line 
coincides with an absorption band, which could be a promising opportunity to increase 
sensitivity of the CERS detector and to study changes in protein conformation, e.g. due 
to aggregation.11 However, changing the laser wavelength from visible to deep UV, 
would require optimization / replacement of the optical components such as the 
spectrograph, CCD camera and edge filter, to match the deep UV range for detection 
of resonance Raman scattering. Therefore, this needs to be investigated in future 
studies. 

An alternative to SEC might be the coupling of CERS with other separation techniques 
such as flow field-flow fractionation to increase insights into protein aggregation, since 
flow field-flow fractionation enables the separation of aggregates beyond the size limits 
of SEC.12 In addition, an online coupling of CERS to other biochromatographic modes 
such as ion exchange chromatography (IEX) and hydrophobic interaction 
chromatography (HIC) could be investigated. Both techniques are based on gradient 
elution of aqueously buffered eluents which are compatible with CERS but will pose 
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an additional challenge to the data processing due to a changing background signal 
from the mobile phase caused by gradient elution. On the other hand, peak width will 
presumably decrease due to the gradient, leading to higher concentrations within the 
peak maximum, which could be advantageous to overcome the relatively low 
sensitivity of CERS detector. The high salt concentrations applied in HIC might alter 
the native structure of the proteins, but this needs to be investigated more in detail in 
future studies on the online coupling of CERS to liquid chromatography. 

In addition, future studies could address other biopharmaceutical active ingredients 
such as antibody-drug conjugates or polypeptides. The combination of 
biochromatography and CERS detection can be used to investigate their three-
dimensional structure and, in case of antibody-drug conjugates, may provide 
information on the amount of drug loading. 
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6 Summary 

Coupling of liquid chromatography (LC) with various spectroscopic methods such as 
UV/Vis spectroscopy has been common practice since the 1980s. However, to date, 
relatively few studies have investigated the online coupling of LC with Raman 
spectroscopy (RS). In particular, RS provides selective information on the 
conformation and structural elements of proteins, enabling non-destructive and label-
free analysis of proteins under native conditions. In recent studies, mainly pure 
substances or mixtures of selected analytes were analyzed by RS detection after 
chromatographic separation, rather than compounds in a complex matrix. 

Therefore, the focus of this work was to examine the possibilities and limitations of 
online coupling LC with RS for analyzing proteins and their prosthetic groups in 
biopharmaceutical or biological samples, thereby addressing various bioanalytical 
questions. Size exclusion chromatography (SEC) was chosen as separation technique 
for coupling due to its relevance in the characterization of biopharmaceuticals. The 
aqueous buffer solutions used for SEC elution provide native conditions for proteins 
and are highly compatible with RS detection. Within the scope of this work, proteins in 
biopharmaceutical drugs and hemolyzed serum were examined, identified, and 
differentiated based on their structure. In addition, automated data evaluation and 
assessment of spectral differences and similarities, as well as the quantification of 
functional excipients in a biopharmaceutical formulation were investigated. The setup 
of the coupled system was described in detail, and the term capillary-enhanced Raman 
spectroscopy (CERS) was coined for the detection system. 

The online coupling SEC-CERS was successfully applied to the structural elucidation, 
identification, and differentiation of various proteins in different samples, such as 
biopharmaceuticals and blood serum. SEC-CERS was suitable for the simultaneous 
determination of the conformation of therapeutic proteins and the quantification of 
functional excipients in biopharmaceuticals, which can contribute to the 
comprehensive characterization of biopharmaceuticals required by regulatory 
authorities. Furthermore, the biomarkers serum albumin, immunoglobulin G, and 
hemoglobin were successfully identified in hemolyzed serum. However, a limitation is 
that protein concentration must be sufficiently high for analysis. Thus, while 
biopharmaceutical formulations could be analyzed, only high abundance proteins were 
accessible in serum. Automated data evaluation and principal component analysis 
enabled differentiation of three IgG1 antibodies as individual active substances as well 
as in their formulations, thereby demonstrating another potential application in 
pharmaceutical quality control by detecting differences between protein samples or 
identifying similarities. 

In summary, this thesis addresses several practical application examples in the field 
of protein analysis using SEC-CERS, which demonstrates a significant research 
contribution in the field of RS detection for LC. 
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7 Zusammenfassung 

Die Kopplung der Flüssigkeitschromatographie (LC) mit unterschiedlichen 
spektroskopischen Methoden wie beispielsweise der UV/Vis-Spektroskopie ist seit den 
1980er Jahren gängige Praxis. Jedoch gibt es bis heute nur relativ wenige Studien zu 
einer Online-Kopplung aus LC und Raman Spektroskopie (RS). Dabei ermöglicht die 
RS insbesondere im Bereich der Proteinanalytik selektive Informationen zur 
Konformation und zu den Strukturelementen von Proteinen, die unter nativen 
Bedingungen zerstörungs- und markierungsfrei analysiert werden können. Im Rahmen 
von bisherigen Studien wurden hauptsächlich reine Substanzen oder Mischungen 
daraus mittels RS-Detektion nach chromatographischer Trennung analysiert, jedoch 
kaum reale Proben. Der Fokus dieser Arbeit lag daher auf der Erforschung der 
Möglichkeiten und Grenzen einer Online-Kopplung aus LC und RS zur Untersuchung 
von Proteinen und ihren prosthetischen Gruppen in biopharmazeutischen oder 
biologischen Proben, wobei verschiedene bioanalytische Fragestellungen adressiert 
werden sollten. Die Größenausschlusschromatographie (SEC) wurde aufgrund ihrer 
Relevanz in der Charakterisierung von Biopharmazeutika als Trenntechnik zur 
Kopplung ausgewählt. Die wässrigen Pufferlösungen zur Elution der SEC bieten native 
Bedingungen für Proteine und sind kompatibel mit der RS-Detektion. Im Rahmen der 
durchgeführten Arbeiten wurden Proteine in biopharmazeutischen Arzneimitteln und 
hämolysiertem Serum hinsichtlich ihrer Struktur untersucht, identifiziert und 
differenziert. Zusätzlich wurden die Aspekte der automatisierten Datenauswertung und 
Bewertung von spektralen Unterschieden bzw. Übereinstimmungen sowie die 
Quantifizierung von funktionalen Hilfsstoffen in einem Biopharmazeutikum im Rahmen 
der Arbeit untersucht. Der Aufbau des gekoppelten Systems wurde detailliert 
beschrieben und dabei der Ausdruck „kapillar-verstärkte Raman Spektroskopie 
(CERS)“ für das Detektionssystem geprägt. Die Online-Kopplung SEC-CERS konnte 
erfolgreich zur Strukturaufklärung, Identifizierung und Unterscheidung verschiedener 
Proteine in unterschiedlichen Proben wie Biopharmazeutika oder Blutserum eingesetzt 
werden. SEC-CERS eignete sich zur simultanen Bestimmung der Konformation von 
therapeutischen Proteinen und zur Quantifizierung von funktionalen Hilfsstoffen in 
Biopharmazeutika, was zur umfangreichen Charakterisierung von Biopharmazeutika 
seitens der regulatorischen Behörden beitragen kann. Zusätzlich konnten die 
Biomarker Serumalbumin, Immunglobulin G und Hämoglobin erfolgreich in 
hämolysiertem Serum identifiziert werden. Jedoch zeigte sich, dass die Konzentration 
der analysierten Proteine ausreichend hoch sein muss. Somit konnten 
biopharmazeutische Arzneiformen analysiert werden, während in Serum nur die in 
höherer Konzentration auftretenden Proteine zugänglich waren. Drei IgG1 Antikörper 
konnten als einzelne Wirkstoffe sowie unter Berücksichtigung der Formulierung durch 
automatisierte Datenauswertung und den Einsatz einer Hauptkomponentenanalyse 
voneinander unterschieden werden, wodurch ein weiteres potenzielles 
Anwendungsfeld in der pharmazeutischen Qualitätskontrolle mit der Erkennung von 
Unterschieden bzw. der Identifizierung von Ähnlichkeiten zwischen Proteinproben 
adressiert werden konnte. Zusammenfassend konnten im Rahmen dieser Arbeit 
verschiedene praktische Anwendungsbeispiele aus dem Bereich der Proteinanalytik 
mit SEC-CERS adressiert werden, was einen wesentlichen Beitrag zur Forschung im 
Bereich der RS-Detektion für die LC darstellt. 
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