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Abbreviations 

ADC   antibody-drug conjugate 
AF488   Alexa Fluor 488 
AF   artificial fluid 
AF+HA  artificial fluid + hyaluronan 
AF4   asymmetrical flow field-flow fractionation 
AU   absorbance unit 
AUC   analytical ultracentrifugation 
BF   brightfield 
CDR   complementarity-determining region  
CE-MS   capillary electrophoresis-mass spectrometry 
CE-SDS  capillary electrophoresis - sodium dodecyl sulfate 
cIEF   capillary isoelectric focusing 
CLSM   confocal laser scanning microscopy 
CMC   chemistry, manufacturing, and controls 
CO2   carbon dioxide 
CPP   critical process parameter 
CQA   critical quality attribute 
CSF   cerebrospinal fluid 
CV   coefficient of variation 
DP   drug product 
DS   Drug substance 
DSC   differential scanning calorimetry 
EU   emission units 
FAL   Float-A-Lyzer 
FCM   flow cytometry 
FI   flow imaging 
FSC   forward scatter 
fSPT   fluorescence single particle tracking 
HA   hyaluronan 
HC   heavy chain 
HMW   high-molecular weight 
HMWS  high-molecular weight species 
HP-SEC  high-performance-size-exclusion chromatography 
HP-SEC-FLD  high-performance-size-exclusion chromatography-fluorescence detection 
IEX   ion-exchange chromatography 
IFC   imaging flow cytometry 
IgG   immunoglobulin G 
IgG:AF  IgG labeled with AF 
IgG:BODIPY  IgG labeled with BODIPY 
ISF   interstitial fluid 
IT   intrathecal 
IV   intravenous 
IVT   intravitreal 
LC   light chain 
LC-MS/MS  liquid chromatography-tandem mass spectrometry 
LMW   low-molecular weight 
LMWS   low-molecular weight species 
LO   light obscuration 
mAb   monoclonal antibody 
MFI   Micro flow imaging 



ML   machine learning 
MMP   matrix metalloproteinase 
MWCO  molecular weight cut-off 
NTA   nanoparticle tracking analysis 
NTU   nephelometric turbidity units 
PBS   phosphate-buffered saline 
pI   isoelectric point 
PK/PD  pharmacokinetic/pharmacodynamic 
rH   relative humidity 
RM   reference material 
SAL   Slide-A-Lyzer 
SbVP   subvisible particle 
SC   subcutaneous 
SCISF   subcutaneous interstitial fluid 
SD   standard deviation 
SDS-PAGE  sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
SEC   size-exclusion chromatography 
SEC-FLD  size-exclusion chromatography with fluorescence detection 
Ser   human serum without the therapeutic IgG 
Ser+IgG  human serum spiked with the therapeutic IgG 
SPR   surface plasmon resonance 
SSC   side scatter 
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Introduction 

Monoclonal antibodies (mAbs) are an important therapeutic modality for severe diseases such as 

cancer, neurological, and immunological disorders. In 2019, seven out of ten of the most successful 

drugs by revenue were mAbs1. To date, there are more than 570 mAb-based therapeutics in clinical 

development and over 70 mAbs commercialized2. mAbs are most commonly administered via 

intravenous (IV) and subcutaneous (SC) routes of administration3. Less common, but gaining 

interest, are intravitreal (IVT) and intrathecal (IT) administrations4.  

Protein Stability 

Controlling and monitoring the stability of therapeutic proteins is the cornerstone of successful 

drug product (DP) development. Owing to the complex structure and size of proteins, 

macromolecules are more prone to degradation events as compared to small molecules. Any 

alteration to the native protein structure, physically and/or chemically, can impair the stability of a 

protein. Insufficient protein stability can, in turn, impact patient safety and/or treatment efficacy. 

Such degradants impacting the quality of a DP are classified as critical quality attributes (CQAs).  

Protein degradation is a complex interplay of physical and chemical degradation. Physical 

degradation defines non-covalent modifications within or between protein molecules. Physical 

degradation can be grouped into conformational (unfolding and misfolding), colloidal stability 

(aggregation and precipitation), and adsorption to surfaces. Chemical degradation refers to covalent 

changes in a protein’s structure. Although both degradation pathways are distinctly defined, and 

for the purpose of explanation discussed separately, it is important to note that these pathways are 

interrelated5. Certain chemical degradation pathways are affected by physical instabilities and vice 

versa. For example, deamidation and/or oxidation can cause aggregation5-7 or conformational 

changes8. Likewise, conformational changes can increase solvent exposure of certain amino acids 

susceptible to chemical modifications and thus accelerate chemical degradation5. To optimize shelf-

life stability of a DP, several stability aspects from physical and chemical perspective have to be 

considered during formulation development. Falconer et al. reported a pH range of 5.3 to 6.1 of 22 

commercialized mAbs9. 

Physical Stability 

At a protein’s isoelectric point (pI), i.e., the pH at which a protein has zero net charge; the 

conformational stability is at its highest, whereas colloidal stability is at its lowest. As the solution 

pH and a protein's pI deviate from each other, the number of charged groups on a protein and 

thus charge repulsion increases7. This destabilizes the folded protein. At solution pH values close 
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to a protein’s pI, the protein exhibits both positively and negatively charged groups, thus, increasing 

the likelihood of dipole–dipole interactions and potentially causing protein aggregation. Physical 

protein stability is therefore a compromise between colloidal and conformational stability.  

Denaturation 

The native state of a protein refers to its biological active form, which is conformationally stable. 

Contrary, in a denatured protein the three-dimensional structure is impaired by unfolding of the 

secondary and/or tertiary structure. Unfolding can result in exposure of hydrophobic patches and 

thus compromise colloidal stability by impairing a protein’s ability to resist aggregation10. Thermal 

denaturation is typically irreversible due to rapid formation of aggregates of the unfolded protein5. 

Melting temperatures of many proteins range from 40 to 80°C11; including mAbs, which typically 

do not show complete unfolding below 50°C12. Therapeutic proteins exhibiting melting 

temperature close to 40°C or lower are particularly concerning due as they may unfold at human 

body temperature. Chemical denaturation refers to the addition of chaotropes such as urea and 

guanidinium hydrochloride. Chaotropes bind to the protein and have been reported to change the 

pKa of amino acid side chains13, which in turn, can affect the conformational stability of a protein. 

Aggregation and Precipitation 

Protein aggregation and precipitation is an obligatory CQA and has been extensively reviewed 

elsewhere14-16. Protein aggregates are defined as any protein assembly larger than the desired active 

unit of a protein (e.g., monomer of mAb)17. Protein aggregates are heterogeneous species and can 

be classified by a variety of categories (Table 1). Precipitation refers to protein aggregates forming 

macroscopic ensembles due to reduced solubility18. 

The original concern of particles in parenteral preparations arose due to possible occlusion of blood 

capillaries after administration of particles ≥10 µm19 and potential safety concerns in patients. 

Eventually due to the concern of an embolism, health authorities established harmonized 

pharmacopoeial chapters (USP <788>, Ph. Eur. 2.9.19, JP 6.07) to monitor particles ≥10 µm and 

≥25 µm. To date, the main concern of particles, especially proteinaceous particles, is due to 

aggregates causing an immune response in patients15. Pharmacopoeias limit requirements for the 

SbVP count are 6000 particles/container ≥10 µm and 600 particles/container ≥25 µm. In recent 

years, smaller SbVPs, i.e., particles ≥2 µm and ≥5 µm received increasing attention from regulatory 

authorities and the scientific community although there is no evidence that these SbVPs are more 

immunogenic than larger SbVPs16. 

Owing to the complexity of protein aggregates, several analytical methods are typically required14. 

A variety of stress factors such as temperature, pH, freezing/thawing, mechanical stress 

(shaking/stirring), formulation, and air-liquid/solid-liquid interfaces can cause aggregation14. For 
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example, temperature can directly impact a protein’s higher order structure (secondary or higher); 

induce unfolding and consequently cause protein aggregation. Temperature also accelerates 

chemical degradation such as deamidation and oxidation, which can also lead to increased protein 

aggregation. Protein concentration also needs to be considered as the aggregation is concentration-

depending11.  
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Table 1: Classification of protein aggregates. Adapted from14,17,20. 

Protein aggregate 

categories 

 

Conformation / structure • Native 

• partially denatured 

• denatured 

 

Size • soluble aggregates (<0.1 μm): dimer, trimer, or oligomer 

• insoluble aggregates 

o visible particles (≥100 μm) 

o subvisible particles (0.1 to 100 μm) 

 

Reversibility • reversible (e.g., caused by self-assembly of protein molecules) 

• irreversible 

• dissociable 

 

Type of bond  • covalent 

o disulfide mediated (through free thiols) 

o non-mediated (e.g., dityrosine formation) 

• non-covalent 

o Van der Waals interactions 

o hydrogen bonding 

o hydrophobic interactions 

o electrostatic interactions 

 

Morphology • spherical/non-spherical 

• translucent 

• homogeneous/heterogeneous 

• amorphous/fibrillar 
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Surface Adsorption 

Protein surface adsorption is a concern during various pharmaceutical processes involving glass, 

plastics, and stainless steel. Protein adsorption to a surface is largely influenced by the protein, 

surface material, surface area, solution, and forces counteracting adsorption (e.g., electrostatic 

repulsion)21. A protein’s structure, hydrophilicity/hydrophobicity, and its net charge are key 

intrinsic factors affecting protein adsorption. Particularly, when dealing with very low protein 

concentrations, adsorption and consequential loss in protein content is concerning due to 

insufficient dose with adverse impact on efficacy. Protein adsorption may also cause a protein to 

aggregate22 or trigger changes in a protein’s secondary structure23. Protein adsorption is generally 

regarded as irreversible24 or partially reversible25.  

Chemical Stability 

Therapeutic proteins can undergo a variety of chemical degradation pathways with over 100 post-

translational modifications being reported to date26. Common modifications include reactions such 

as protein deamidation, oxidation, fragmentation, and glycation27. Solution pH is one key 

determining factor for many chemical degradation pathways. Modifications like c-terminal lysine 

degradation, aspartic acid transpeptidation, methionine oxidation, and peptide cleavage are 

predominantly occurring at acidic pH10. Whereas deamidation, β-elimination, various oxidation 

reactions, and disulfide shuffling are mainly occurring under basic conditions.  

The main focus of this thesis was to assess physical stability, common chemical degradation events 

are discussed briefly for the purpose of explanation, however, with the exception of fragmentation 

were not analyzed in this thesis. Several comprehensive review articles on chemical protein 

degradation are available5,7,11,14,18,28,29. 

Deamidation 

Deamidation is widely regarded as the most common modification for peptides and proteins. 

Deamidation introduces changes in a protein by increasing its molecular weight by 1 Da as well as 

lowers pI and hydrophobicity. Deamidation typically involves the hydrolysis of asparagine to 

aspartic acid. The reaction is largely driven by external factors such as pH, temperature, and ionic 

strength. Asparagine deamidation reaction rate is at its lowest between pH 3 and 6. At pH values>6 

deamidation includes an irreversible nucleophilic attack forming a succinimide intermediate due to 

the loss of ammonia. Succinimide readily hydrolyzes to form aspartic acid and isoaspartic acid5. 

Deamidation can also refer to hydrolyzes of glutamine to glutamic acid, however, this reaction is 

less common as it requires pH values <3 and involves a less stable six-membered intermediate 

form5. Particularly susceptible to deamidation are motifs in which asparagine is followed by an 
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amino acid with a smaller side chain (e.g., asparagine-glycine), as it has been argued to be sterically 

favorable to form succinimide. Another important aspect of amino acids following asparagine is 

their capability to function as a hydrogen bond donor, as this may accelerate deamidation5.  

Oxidation 

Oxidation can occur through metal-catalyzed oxidation, photooxidation, and free radical cascades. 

Methionine, histidine, cysteine, tyrosine, and tryptophan are prone to oxidation. Methionine is 

particularly susceptible leading to the formation of methionine sulfoxide. Metal-catalyzed oxidation 

is typically occurring on glycine, aspartic acid, histidine, and cysteine, whereas photooxidation often 

involves tryptophan, tyrosine, and phenylalanine. Contrary to the general correlation between 

protein oxidation rate and pH, methionine oxidation occurs almost independently of pH. 

Moreover, methionine oxidation may also not follow Arrhenius behavior, as oxygen solubility 

increases inversely with solution temperature. Controlling protein oxidation is generally difficult as 

sources of free radicals can be encountered during several stages of DP development due to their 

presence in excipients, primary packaging, etc.  

Another critical aspect is the solvent exposure of residues and the conformational stability of a 

protein. For example, methionine252 and methionine428 (EU number system30), located in the 

CH2-CH3 interface (i.e., the binding site for protein A and the neonatal Fc receptor) are highly 

solvent-exposed and known to be susceptible to oxidation31. Contrary, Met358 and Met397, located 

in the CH3-CH3 interface of the constant region of IgG2, are buried inside a protein and thus less 

susceptible to oxidation. Oxidation can have an impact on a protein's pharmacokinetics as it 

impacts binding to the neonatal Fc receptor32 and Fcγ receptors33, potentially decreasing its 

biological activity31.  

Fragmentation 

Protein fragmentation is a complex process as it involves several factors such as solvent and solvent 

conditions like pH as well as temperature5. Moreover, intrinsic protein factors such as sequence 

motifs contribute largely to their fragmentation susceptibility34. Protein fragmentation can be 

categorized into enzymatic and non-enzymatic hydrolysis or β-elimination34,35.  

Proteolytic (enzymatic) hydrolysis is often abbreviated as proteolysis or hydrolysis. Due to 

intermolecular cyclization of aspartic acid, peptide bonds located before or after aspartic acid are 

particularly susceptible to hydrolysis (e.g., aspartic acid - proline)10. Likewise, certain amino acids 

succeeding aspartic acid, particularly, glycine, serine, proline, and valine are susceptible to 

hydrolysis5,36,37. Besides aspartic acid, hydrolysis may also occur on the side chain of tryptophan. 

Tryptophan hydrolysis forms kynurenine, a degradation product occurring from tryptophan 

oxidation5. Another amino acid prone to fragmentation is asparagine. Asparagine residues have 
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been shown to form new C-terminal succinimide residues in peptides and proteins under 

physiologic conditions10. In addition to amino acid side chains, protein regions exhibiting higher 

flexibility are concerning. For example, the hinge region, CH2-CH3 domain interface of mAbs, or 

local protein regions may also undergo hydrolysis38-41. Furthermore, disulfide bonds are susceptible 

to modifications and fragmentation due to their fairly low dissociation energy39. The reaction rate 

of fragmentation is at its lowest at pH 6, and increases linearly above pH 642.  

β-elimination refers to a reaction that readily occurs in proteins, mostly at high temperatures5. 

Cysteine is particularly susceptible, however, the reaction may also involve serine, threonine, 

phenylalanine, or lysine18. From a chemical point of view, β-elimination refers to the deprotonation 

of the hydrogen atom on the α-carbon5. Due to rearrangement of a carbanion, a double bond 

between the α- and β-carbon atom forms, which is defined as β-elimination.  

In Vivo Protein Stability 

The stability of therapeutic proteins is tightly monitored and controlled during various stages of 

manufacturing, storage and shipping, as well as preparation for clinical use. Maintaining the stability 

of therapeutic proteins ensures patient safety and/or treatment efficacy. Once a therapeutic protein 

is administered to patients, the physiologic conditions (e.g., 37°C; pH 7.4) substantially differ from 

those in the DP. These conditions can be regarded as unfavorable as they may cause protein 

degradation, potentially even at faster rates than in the DP43,44. Thus, an increasing number of 

studies emerged, which simulated the physiologic environment under in vitro conditions to evaluate 

the in vivo protein stability. Such models typically include spiking the protein of interest in the 

desired biological fluid (e.g., human SC tissue to simulate SC administration).  

While IgGs are naturally circulating in human biological fluids, due to their variable region, each 

IgG exhibits unique biophysical properties and thus the in vivo stability of each molecule may 

differ27. Biophysical properties of therapeutic IgGs such as charge and pI are frequently modulated 

to improve pharmacokinetic properties and as such may alter their in vivo stability27,45. Solely based 

on sequence hotspots, pI, and hydrophobicity their susceptibility to in vivo degradation may vary. 

Specifically pI and hydrophobicity of therapeutic proteins have been argued to cause protein 

aggregation in vivo. Further studies are strongly needed to understand which physiologic factors and 

protein properties (e.g., pI, charge, hydrophobicity), impact the in vivo stability.  

In vivo degradation of many proteins, including IgGs, has been reported46,47. For example, (i) 

oxidation of methionine48 in the constant domain of a mAb may decrease binding affinity to the 

Fcγ receptors33 or neonatal Fc receptor and thus decrease its half-life32, (ii) aspartic acid 

deamidation49-51 in the CDR can lower its antigen binding affinity50, (iii) aspartic acid 
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isomerization52, may decrease potency47, (iv) glycation of lysine located in the CDR may affect 

antigen binding and potency due to loss of its positive charge53,54, (v) aggregation/precipitation55-57 

may cause an immune response, (vi) fragmentation may lower bioavailability58. 
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Aim of the Thesis 

The aim of this PhD thesis was to develop in vitro models and analytical methods, which enable to 

evaluate the in vivo stability of therapeutic proteins under simulated physiologic conditions. While 

the stability analyzed in vitro may not translate to results observed in a clinical setting, early stage 

evaluation of the in vivo stability can be a valuable screening tool to assess protein liabilities. These 

in vitro models are particularly appealing during pre-clinical stages of development as they can 

support the selection of molecules, preferably prior to clinical lead candidate selection.  

Milestones of this thesis were defined as follows:  

Evaluation of physiologic stress factors potentially impacting the in vivo stability of 

therapeutic proteins. 

• Which physiologic factors are known to impact protein stability? 

• Which human physiologic conditions and constituents of biological fluids should be 

simulated using in vitro/ex vivo models.  

Comparison of different analytical strategies to investigate in vivo protein stability. 

• What are advantages and limitations of each analytical strategy? 

• Which analytical strategies are applicable to investigate in vivo protein aggregation and 

fragmentation? 

Development of fluorescence methods to assess protein stability in biological fluids. 

• Are fluorescence methods suitable to assess the in vivo stability of proteins directly in 

biological fluids, i.e., enable distinct detection of the protein of interest in human serum? 

• How stable are biological fluids under in vitro/ex vivo conditions (e.g., particle formation)? 

Development of in vitro models to assess the stability of therapeutic proteins without 

labeling or purification techniques. 

• How applicable is PBS to assess the in vivo protein stability?  

• How applicable are protein-free artificial fluids (bicarbonate buffer) to assess in vivo protein 

stability? 
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Results 

 

Chapter I: 

In Vivo Stability of Therapeutic Proteins 

 

Chapter II: 

Analytical Challenges Assessing Aggregation and Fragmentation of Therapeutic Proteins in 

Biological Fluids 

 

Chapter III: 

Particle Analysis of Biotherapeutics in Human Serum using Machine Learning 

 

Chapter IV: 

Tracking the Physical Stability of Fluorescent-Labeled mAbs under Physiologic In Vitro Conditions 

in Human Serum and PBS 

 

Chapter V: 

Assessing Particle Formation of Biotherapeutics in Biological Fluids 

 

Chapter VI: 

Stability of Monoclonal Antibodies after Simulated Subcutaneous Administration 
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In Vivo Stability of Therapeutic Proteins 

 

 

 

The following chapter has been published as review article in the Pharmaceutical Research journal. 

Joachim Schuster, Atanas Koulov, Hanns-Christian Mahler, Pascal Detampel, Joerg Huwyler, 
Satish Singh, and Roman Mathaes 
In Vivo Stability of Therapeutic Proteins 
Pharm Res. 2020, 37(2), 1-17 
doi: 10.1007/s11095-019-2689-1 
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Analytical Challenges Assessing Aggregation and 

Fragmentation of Therapeutic Proteins in Biological 

Fluids 

 

The following chapter has been published as mini-review in the Journal of Pharmaceutical Sciences. 

Joachim Schuster, Hanns-Christian Mahler, Susanne Joerg, Joerg Huwyler, and Roman Mathaes 
Analytical Challenges Assessing Aggregation and Fragmentation of Therapeutic Proteins in 
Biological Fluids 
J Pharm Sci. 2021, 110(9), 3103-3110 
doi: 10.1016/j.xphs.2021.04.014 
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Particle Analysis of Biotherapeutics in Human Serum 

using Machine Learning 

 

 

The following chapter has been published as note in the Journal of Pharmaceutical Sciences. 

Joachim Schuster, Atanas Koulov, Hanns-Christian Mahler, Susanne Joerg, Joerg Huwyler, Kai 
Schleicher, Pascal Detampel, and Roman Mathaes. 
Particle Analysis of Biotherapeutics in Human Serum using Machine Learning 
J Pharm Sci. 2020, 109(5), 1827-1832 
doi: 10.1016/j.xphs.2020.02.015 
 
The supplementary data was inserted into this chapter. 
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Supplemental Figure 1. Workflow. 1. Labeling of Alexa Fluor 488 (AF) and a therapeutic 

immunoglobulin (IgG). 2. Exposure of an IgG to serum at physiologic conditions. 3. Inverted 

widefield fluorescence microscopy of 4 μL samples at t0 and after 5 days of incubation (t1). 4. 

Particle analysis using machine learning. 

 

Supplemental Figure 2. Degree of labeling. The IgG was labeled with AF and BODIPY each at a 

IgG:dye molar ratio of 1:4, 1:1, and 4:1. The degree of labeling was determined by UV-Vis 

spectroscopy and denotes the number of dyes per molecule of IgG. AF, Alexa Fluor 488. 

A       B 
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Supplemental Figure 3. Particle analysis of unlabeled IgG and labeled IgG using LO. Analysis of 

the unlabeled IgG (IgG unl) in PBS and histidine-HCl buffer (His) as well as BODIPY-labeled 

IgG (IgG:BODIPY) after preparation (a) and after an incubation at 40°C and 75% rH for 2 

weeks (b). IgG was labeled with BODIPY at an IgG:dye molar ratio of 1:4, 1:1, and 4:1. 

 

A 

 

B 

 

Supplemental Figure 4. Chromatogram of SEC of unlabeled and labeled IgG. Analysis of 

unlabeled IgG in histidine-HCl buffer (solid line), unlabeled IgG in PBS (dashed line), and IgG 

labeled with AF at 1:4 (dotted line) after preparation (a) and after an incubation at 40°C and 75% 

rH for 2 weeks (b). 
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A       B 

 

Supplemental Figure 5. Size-exclusion chromatography. Analysis of the unlabeled IgG in PBS 

and histidine-HCl buffer (IgG unl) and IgG labeled with AF (IgG:AF) at 3 degrees of labeling 

after preparation (a) and after an incubation at 40°C and 75% rH for 2 weeks (b). 

 

Supplemental Figure 6. Temperature-induced unfolding of the therapeutic IgG. IgG unlabeled 

(solid line), IgG:AF labeled 1:4 (dotted line). The melting temperature was measured at 67.9°C, 

71.6°C, and 73.7°C for the unlabeled IgG and 67.6°C, 70.7°C, and 72.8°C for IgG:AF 1:4. 

Samples were formulated in 20 mM histidine-HCl buffer (pH 6.0). 
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Supplemental Figure 7. Shading correction and background correction. (a) Fused and stitched 

images. (b) After applying a shading correction. (c) After applying a shading correction and 

background correction. Panels a, b, and c show each 483 stitched images with a maximum 

intensity projection of 24 z-stacks. Scale bar length: 1 mm. 
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Supplemental Figure 8. Particle detection by machine learning and auto threshold methods. 

Detection of particles in serum samples at t1. Scale bar length: 1000 μm. 
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Supplemental Figure 9. Example of particle detection using machine learning. Particle detection 

by machine learning in exemplary sample crops containing air bubbles (a), out-of-focus light (b), 

and different background brightness at the tiling border (c). Panels a, b, and c depict original 

sample crops. Panels d, e, and f are the identical crops depicting particle detection by machine 

learning. Scale bar length: 50 μm. 
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Supplemental Figure 10. Image stack and MIP of an exemplary crop. Z-stacks (z = 1 to z = 15) 

and the maximum intensity projection (MIP) of the same example crop are shown. Of note, 

halos surrounding the particles as seen in the MIP may be falsely detected as particles using 

traditional threshold methods. Scale bar length: 10 μm. 
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Suppl. Tab. 1: Repeated measurements of particle analysis using machine learning. Particle 

analysis of a model IgG exposed to human serum at t0 and t1. Instrument variability was defined 

by consecutive triplicate measurements of identically prepared samples at t0 and t1. The variability 

of sample preparation was measured by the analysis of 3 independelty prepared samples at t0 and 

t1. Each sample was analyzed once. Mean cumulative particle counts of 4 µL samples. n=3. 

 instrument variability sample preparation 

Particle size IgG t0 IgG t1 IgG t0 IgG t1 
 

Mean CV [%] Mean CV [%] Mean CV 

[%] 

Mean CV [%] 

≥2 131.7 5.1 329.7 77.2 245.0 44.5 263.7 42.9 

≥5 69.7 17.3 168.0 75.9 121.0 35.7 126.7 23.9 

≥10 13.3 49.9 75.7 104.7 41.0 20.8 43.0 22.2 

≥25 0.3 -* 4.3 -* 0.3 -* 0.67 -* 

*Only a few particles ≥25 µm were analyzed in one of the three samples at t0 and t1. Therefore, 
CV calculations were not of practical relevance.  
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Tracking the Physical Stability of Fluorescent-

Labeled mAbs under Physiologic In Vitro Conditions 

in Human Serum and PBS 

 

 

The following chapter has been published as research article in the European Journal of 

Pharmaceutics and Biopharmaceutics.  

Joachim Schuster, Hanns-Christian Mahler, Atanas Koulov, Susanne Joerg, Andy Racher, Joerg 
Huwyler, Pascal Detampel, and Roman Mathaes. 
Tracking the Physical Stability of Fluorescent-Labeled mAbs under Physiologic In Vitro 
Conditions in Human Serum and PBS 
Eur J Pharm Biopharm. 2020, 152: 193-201 
doi: 10.1016/j.ejpb.2020.04.014 
 
The supplementary data was inserted into this chapter. 
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Supplementary Fig. 1A. Stability of human serum. A: Light obscuration of serum (Ser) vs. serum 

containing 0.1% (w/v) sodium azide (+NaN3). B: Turbidity of Ser vs. +NaN3. Measurements 

were done 1 h (T1h), 2 days (T2d), and 5 days (T5d) after preparation at 37°C and pH 7.4. C: pH 

measurement of serum. pH was measured in a closed and open vial outside a carbon dioxide 

incubator. Values are expressed as mean±standard deviation. n=3. 

 

Supplementary Fig. 1B. Stability of human serum. B: Turbidity of Ser vs. +NaN3. Measurements 

were done 1 h (T1h), 2 days (T2d), and 5 days (T5d) after preparation at 37°C and pH 7.4. 
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Supplementary Fig. 1C. Stability of human serum. C: pH measurement of serum. pH was measured 

in a closed and open vial outside a carbon dioxide incubator. Values are expressed as 

mean±standard deviation. n=3 

 

Supplementary Fig. 2. Comparison of retention time of unlabeled mAb and labeled mAb by SEC. 

Unlabeled mAb at H0 (blue), AF-labeled mAb at H0 (black), and AF-labeled mAb at S0 (orange). 

Signal intensity was normalized to the peak at 17.3 min. Retention time of the monomer peak was 

measured at 17.4 min (blue), 17.3 min (black), and 17.3 min (orange). Fluorescence of AF-labeled 

mAbs was measured at 495/519 nm. UV of unlabeled mAb was measured at 210 nm. mAb6 is 

shown as a representative example. 
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 Light obscuration Flow imaging 

P0 

  

P1 

  

H0 

  
Supplementary Fig. 3. Subvisible particles. A: Analysis of PBS samples after preparation (P0), after 

incubation at 37°C for 5 days (P1) and after preparation in histidine-HCl (H0) using light 

obscuration (left column) and flow imaging (right column). Control sample without AF-labeled 

mAb, PBS and His; control sample spiked with AF, PBS+AF and His+AF. n=1. 
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Supplementary Fig. 4. SEC-fluorescence of serum control, mAb2, and mAb3. Serum control 

sample spiked with AF (blue), mAb2 (black), and mAb3 (orange) each sample measured at S1. 

Fluorescence was measured at 495/519 nm. Emission units, EU. 
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Supplementary Fig. 5. Flow Cytometry of mAbs in PBS and histidine-HCl. Counts of SSC1 gate 

after preparation in 20 mM histidine-HCl (H0), PBS (P0), and after incubation in PBS at 37°C for 

5 days (P1). Control sample without AF-labeled mAb, Fluid; control sample spiked with AF, 

Fluid+AF. 

 

Supplementary Fig. 6. Representative particles of AF-labeled mAbs in serum. Upper row: particles 

analyzed by flow imaging. Lower row: particles analyzed by widefield fluorescence microscopy. 

Scale bar length: 25 µm. 

  



68 
 

Assessing Particle Formation of Biotherapeutics in 

Biological Fluids 

 

 

The following chapter has been published as rapid communication in the Journal of Pharmaceutical 

Sciences. 

Joachim Schuster, Christine E. Probst, Hanns-Christian Mahler, Susanne Joerg, Joerg Huwyler, and 
Roman Mathaes. 
Assessing Particle Formation of Biotherapeutics in Biological Fluids 
J Pharm Sci. 2021, 110(4), 1527-1532 
doi: 10.1016/j.xphs.2020.12.038 
 
The supplementary data was inserted into this chapter. 
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Stability of Monoclonal Antibodies after Simulated 

Subcutaneous Administration 

 

 

The following chapter is intended to be published as research article in the Journal of 

Pharmaceutical Sciences.. 

Joachim Schuster, Hanns-Christian Mahler, Susanne Joerg, Vinay Kamuju, Joerg Huwyler, and 
Roman Mathaes. 
Stability of Monoclonal Antibodies after Simulated Subcutaneous Administration 
J Pharm Sci. 2021, 110(6), 2386-2394 
doi: 10.1016/j.xphs.2021.03.007 
 
The supplementary data was inserted into this chapter. 
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Supplementary Figure 1: SbVP analysis. LO analysis of fluid controls, i.e., spiked with histidine 

buffer. Each control was prepared in triplicates and measured once at each time point. n=3 
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Supplementary Figure 2: HP-SEC chromatogram. Overlay of a HPLC size standard (black 

line) with mAb in AF after 14d of incubation (blue line). Molecular weight of the standard peaks: 

(a) 670 kDa, (b) 158 kDa, (c) 44 kDa, (d) 17 kDa, (e) 1.35 kDa. MW of mAb2 monomer: 147 kDa. 

Signal intensity of the standard and mAb were normalized. 
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Discussion 

Analytical Challenges Assessing the In Vivo Protein 

Stability 

Assessing the in vivo stability of therapeutic proteins is evolving. However, due to the complexity 

of biological fluids, analyzing the stability of therapeutic proteins under physiologic conditions 

remains challenging. To date, the majority of studies simulate the in vivo fate of therapeutic proteins 

under in vitro conditions. In such studies, the protein of interest is mixed with a representative 

human body fluid and incubated under simulated physiologic condition. Regardless of the route of 

administration, once injected or infused, therapeutic proteins are immersed in a complex biological 

fluid, containing hundreds to thousands of molecules. For example, the endogenous protein 

concentration in whole blood ranges from 55 to 80 mg/mL59. In the event that a mAb is the 

therapeutic protein of interest, the main analytical challenge is to detect the therapeutic IgG without 

interference from endogenous IgGs found in biological fluids (e.g., 6.1 to 13.0 mg/mL in blood59). 

In addition to endogenous IgGs, other proteins may also interfere with the detection60. 

To circumvent matrix interference of biological fluids, analytical approaches can be subdivided into 

three strategies. Firstly, labeling the protein of interest (e.g., via fluorescence dye). Secondly, 

purifying the protein of interest (e.g., via protein A). Thirdly, modifying or substituting human 

biological fluids (e.g., using other fluids such as PBS). Each of these analytical strategies leads to a 

trade-off between the physiologic relevance of a given fluid and enabling analysis without matrix 

interference. For example, analysis in PBS is uncomplicated due to the absence of proteins, which 

presumably led to its usage to simulate physiologic conditions. However, its composition deviates 

profoundly from that found in human biological fluids and thus it has been questioned whether 

PBS is representative of in vivo conditions. On the other hand, analysis in complex biological fluids 

such as human serum/plasma requires sample manipulation such as labeling or purification 

techniques. These sample workup procedures may impact the stability of a therapeutic protein. 

Due to the unique composition of biological fluids, simulating a specific route of administration 

requires unique in vitro models. 

Development of an In Vitro Intravenous Model  

The human body continuously adjusts to internal and external changes to maintain physiologic 

conditions such as osmo-, thermo-, and chemical- regulation. As an example, the blood pH is 

primarily regulated by the bicarbonate buffer between pH 7.35 to 7.45. Simulating the complex 
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homeostasis of the human body under in vitro conditions is therefore difficult. We demonstrated 

that if the conditions are not adjusted during the experimental setup (e.g., incubation under a 

carbon dioxide atmosphere), the pH of human serum increases rapidly to values of 8 or higher61. 

This was a key finding as pH changes may compromise the stability of a fluid, matrix compounds, 

and is ultimately not reflective of the physiologic conditions encountered in patients. Our 

developed in vitro model maintained the physiologic pH of the fluid by adjusting the carbon dioxide 

level to a desired concentration61,62. To simulate the conditions after IV administration we selected 

human serum as biological fluid. Whole blood or human plasma represent alternative options. 

However, previous reports stated that cell lysis occurred in blood under in vitro conditions63 and 

plasma contains a higher protein concentration than serum, potentially causing matrix interference 

to an even higher extent44.  

Advances have been made in regards to the knowledge on the in vivo stability of therapeutic 

proteins, with the vast majority of studies focusing on chemical degradation, while knowledge on 

physical protein stability after administration is limited44. To the best of our knowledge there are 

no studies available assessing SbVP formation of therapeutic proteins in serum over time points 

beyond 24 h. Due to the long half-life of therapeutic proteins, shedding light on SbVP formation 

and protein aggregation after exposure to biological fluids was a main focus of our developed 

model. 

We have shown that despite maintaining physiologic conditions (pH 7.4, 37°C) and handling 

samples aseptically, human serum itself formed SbVPs in vitro61,64,65. Therefore SbVP methods such 

as LO and FI were inapplicable as it was not possible to differentiate whether particles originated 

from the serum matrix or spiked mAb61,64,65. We chose to fluorescent-label mAbs prior to the 

exposure to human serum as it enabled to assess the stability of a protein directly in a neat biological 

fluids without requiring purification steps. This is particularly important when assessing SbVP 

formation in biological fluids. Purification techniques are less applicable, as insoluble aggregates 

may not be captured from the biological fluid. 

Fluorescence labeling is debated as the conjugated fluorophore itself may compromise the intrinsic 

protein stability. Our accelerated stability study showed no difference in the stability between the 

labeled and unlabeled mAbs. 44Another important aspect to consider during method development 

was the autofluorescence of human serum due to matrix components such as tryptophan, 

riboflavin, and bilirubin66. Although the fluorescence intensity of these compounds is typically 

negligible compared to that of fluorescent probes, autofluorescence can still interfere with 

analysis67. Depending upon the intensity of a fluorescent probe and the degree of labeling, a 
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sufficient signal to noise ratio is required68. We demonstrated that at the excitation and emission 

maxima of Alexa Fluor 488, the fluorescence intensity of serum was negligible.  

The developed fluorescence methods, namely, HP-SEC-FLD, flow cytometry, imaging flow 

cytometry, and fluorescence microscopy, enabled to monitor SbVP formation, protein aggregation, 

and fragmentation in neat human serum. We observed substantial differences in regards to protein 

fragmentation as certain mAbs contained LMWS of up to 20%, while others remained stable over 

5 days in serum. Interestingly, some mAbs fragmented upon exposure to serum. We also observed 

an increase of HMWS in all 8 mAbs in serum over time, which can most likely be attributed to an 

interaction with serum proteins. Solely based on the concentration of spiked therapeutic proteins 

(0.2 mg/mL) and that of serum (55 to 80 mg/mL) an interaction with serum proteins is far more 

likely to occur than self-aggregation of the mAbs. All developed fluorescence methods were 

stability indicating and allow to benchmark the stability of therapeutic proteins directly in unaltered 

biological fluids.  

Despite the advantages to assess the stability in serum, the developed methods had certain 

limitations in regards to protein fragments and aggregates. For example, a mAb may cleave at a 

position that results in protein fragments without a fluorophore. Thus, only fragments containing 

a fluorophore were detected. Due to serum containing ca. 10,000 endogenous proteins over a wide 

molecular range69, non-labeled fragments cannot be separated from the serum matrix. Such 

interreferences from endogenous proteins have been previously reported using CE-SDS26. 

Advances in intact MS coupled with CE70 or LC26,71 may offer a promising alternative to track 

protein fragmentation in biological fluids. However, these methods require purification steps prior 

to analysis. This causes limitations as the protein of interest may degrade upon exposure to a 

biological fluid and may not bind to the desired target. For example, deamidation can decrease 

binding affinity or a protein fragment may not contain the target-binding site50. Such degraded 

proteins would remain undetectable in the biological fluid. Combining two independent capturing 

techniques and adequate control experiments during sample work up can minimize the risk of a 

method bias towards certain modifications72.  

 

Our imaging flow cytometry data revealed that unlabeled particles forming in serum were 

interacting with those of spiked fluorescently-labeled particles64. Depending on the size and 

composition of newly formed particles (e.g., mostly non-labeled serum particles), the fluorescence 

intensity can decrease64,73. The fluorescence intensity of particles may fall under the limit of 

detection of the analytical method and remains undetected. We have shown that independently 

prepared control samples, i.e., serum without a therapeutic mAb, varied in particle counts. This 
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finding is particularly important to consider when comparing SbVP counts of mAbs spiked in a 

biological fluid. This confirmed also our HP-SEC-FLD results showing an increase of HMWS over 

time in serum. 

To assess the impact of fluids on the stability of mAbs, we compared PBS to human serum in vitro. 

Throughout the study we observed that all mAbs remained stable in PBS, i.e., no relevant SbVP 

formation, protein aggregation, nor fragmentation was observed. This indicated that the serum 

matrix degraded mAbs as temperature, pH, and osmolality were virtually identical to that in PBS.  

While it is known that protein properties such as pI impact PK, e.g., pI values lower than the 

physiologic pH lead to a longer half-life27, studies aiming to correlate the in vivo stability to protein 

properties are missing. We selected eight mAbs based on their pI and hydrophobicity as these 

aspects are known to impact protein aggregation. While most commercial mAbs have an pI of >874, 

pI values ranging from 6.1 to 9.4 have been reported75. Whether positive or negative charged mAbs 

differ in their stability in vivo is unknown. Particularly, a mAb with an pI close to the physiologic 

pH is expected to have low colloidal stability. The stability among the tested mAbs differed 

markedly in serum, however, our results showed no correlation between in vivo protein stability and 

their pI and hydrophobicity. It may be argued that due to the sequence differences between the 

mAbs used in our studies, it is possible that other factors than pI and hydrophobicity impacted the 

in vivo stability. For example, hydrophobic patches may impact in vivo aggregation. Further studies 

are required to assess the impact of protein properties on their stability in vivo. Ideally, mAbs with 

slight differences in their CDR and/or framework region, yet remaining a high sequence similarity 

overall, can give further insight into which biophysical properties impact in vivo protein stability45. 

Knowledge on the impact of protein properties on in vivo stability during the pre-clinical 

development would be instrumental for the selection of clinical candidates.   
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Development of an In Vitro Subcutaneous Model  

The human SC tissue is complex as it hypothesized to contain a heterogenous network comrpising 

a stationary “water-poor, colloid-rich” and mobile “water-rich, colloid-poor” phase within the 

interstitium76,77. Based on this hypothesis, the phases are in a functional equlibirium and alternating 

regions of low and high negative charge densities exist78,79. The compisition of the human SC 

interstitial fluid is not precisely known as it is not readily accessible and most sampling methods 

are invasive causing leakage of other fluid compartments80-82. Due to the constraint on human SC 

tissue availability, we prepared protein-free artificial physiologic fluids.  

We showed that all developed artificial fluids remained stable over extended periods of time, i.e., 

no relevant SbVP formation was observed. This is important, as contrary to biological fluids 

forming SbVPs within days, it enables to monitor SbVPs over periods of time relevant to 

therapeutic proteins (e.g., 21 days half-life of mAbs)62. The high stability of artificial fluids may be 

due to the absence of matrix compounds such as lipids and proteins.  

To investigate our previous findings about the impact of different fluids on the in vivo protein 

stability further, three protein-free physiologic fluids were compared to PBS. Throughout the study 

both tested mAbs were substantially more stable in PBS compared to all bicarbonate buffers. 

Although the developed in vitro model simulated SC administration as compared to our previous 

IV in vitro model, our results confirmed our earlier observation that the tested mAbs were 

substantially more stable in PBS. Interestingly, PBS and the bicarbonate buffer AF differed only in 

electrolyte composition and buffering mechanism, however, showed considerable differences in 

their impact on protein stability. For example, for both mAbs substantial SbVP counts were 

measured in AF, whereas minimal SbVP counts were measured in PBS. While it remains unknown 

whether data obtained in PBS or bicarbonate buffers translate more accurately to events occurring 

in patients, solely based on the composition, the developed bicarbonate buffers resemble the in vivo 

conditions more closely than PBS. Linthwaite et al. showed that carbon dioxide can bind to proteins 

reversibly and cause protein carbamylation, which is thought to be linked to protein function83. 

Carbon dioxide-dependent modifications may be more common than previously appreciated. In 

addition to the higher physiologic resemblance, benchmarking the stability of different mAbs in 

PBS may be challenging as the conditions were not impacting the stability to an extent that allows 

to detect protein liabilities in our study.  
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Our HP-SEC results showed a consistent increase in fragments over time. Compared to our 

previous studies in serum, fragmentation was substantially lower in bicarbonate fluids with values 

of up to 1%. Comparing these studies is challenging as the study in serum involved fluorescence 

labeling, whereas no labeling was used in the SC model. Furthermore, fragmentation may be 

enzymatically driven by the serum matrix, which is lacking in protein-free bicarbonate fluids. 

Another consideration is a protein's propensity to fragment.  

Our studies challenged the "doctrine" of using PBS to simulate in vivo conditions and demonstrated 

that PBS is poorly suitable to evaluate in vivo protein aggregation and fragmentation. All bicarbonate 

buffers were suitable to assess protein liabilities under physiologic conditions, with no substantial 

differences among the fluids. Hyaluronan appeared to have no impact on protein stability. Thus, a 

solution containing the main cations and anions of extracellular fluids, i.e., AF, as used in previous 

studies84 appeared to be sufficient to detect stability differences among the tested mAbs. The 

developed SC in vitro model simulated the pH, electrolyte composition, osmolality, and bicarbonate 

buffer found in the human SC tissue. The absence of proteins enabled to assess the stability of a 

therapeutic protein without sample manipulation such as purification/labeling and thus resembles 

the clinical setting more closely. Not relying on fluorescence detection allowed to apply additional 

methods such as CE-SDS and iCE.  

Overall, the developed SC model was reliable enabling even longer incubation times (e.g., 1 month) 

without labeling and purification techniques and could be implemented as an early screening tool 

to evaluate the in vivo stability of therapeutic proteins.  
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Outlook 

Selection of a Biological Fluid  

The selection of a representative fluid to simulate the conditions encountered in patients is 

fundamental in the development of reliable in vitro models. While there are no commercial fluids 

available to simulate SC administration, human whole blood, serum, and plasma are available to 

simulate IV administration. Due to the limited stability of whole blood in vitro, studies used serum 

or plasma. Whether serum or plasma impact the stability of a protein differently and which fluid 

may be better suitable to simulate IV administration remains unknown. Previous preliminary 

studies reported no differences between serum and plasma60,85, however, studies specifically 

comparing the impact of these fluids on protein stability remain largely missing. While the 

composition between serum and plasma is nearly identical, i.e., serum contains 3 to 5 g/L less 

protein than plasma, these fluids are prepared differently. Plasma is prepared by adding an 

anticoagulant (e.g., ethylenediaminetetraacetic acid) to prevent clotting of whole blood. Serum can 

prepared by defibrinating plasma (plasma-derived serum) or by allowing whole blood to clot 

naturally and then using the supernatant after centrifugation (off-clot serum). Future studies should 

also compare pooled serum/plasma to that of individual donors as well as biological fluids from 

healthy subjects to that of patients. Another aspect to consider is a comparison of different species. 

For example, Arvinte et al. reported a spiked therapeutic protein aggregated in animal plasma but 

not in human plasma in vitro86,87. Furthermore, patient related aspects such as immune status and 

genotypes could be considered.  

Despite advances in fluorescence labeling and purification techniques as well as different analytical 

approaches to reduce the complexity of biological fluids, each method leads to a compromise 

between the physiologic relevance of a fluid and the ability to detect the protein of interest88. 

Although we have shown the advantage of preparing artificial protein-free physiologic buffers62, 

the protein composition in biological fluids such as serum/plasma may offer an alternative 

approach.  

Serum/plasma contains approximately 10,000 endogenous proteins69 of which merely 22 proteins 

constitute to 99% of the protein concentration89. The vast majority of these proteins are larger than 

50 kDa. Thus, depleting these proteins by size (e.g., ultrafiltration) allows to substantially decrease 

the protein concentration while maintaining the majority of the original composition, including 

many peptides/proteins. Theoretically, a serum ultrafiltrate exhibits a relevant electrolyte 

composition, osmolality, pH, thiol concentration, and even remains peptidases/proteases having a 

lower molecular weight than the desired molecular weight cut-off (e.g., <50 kDa). Depending on 
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the selected size cut-off, matrix interference may still occur and requires adequate control 

experiments90,91. Theoretically, 50 kDa appears as an adequate cut-off as it removes endogenous 

albumin (66 kDa) and IgGs (150 kDa), which contribute to more than 50% of the total protein 

concentration in most biological fluids. Future studies could aim to reduce the complexity of 

biological fluids by stripping endogenous serum/plasma proteins using tangential flow filtration or 

centrifugal ultrafiltration. This reduces the matrix complexity to an extent that enables direct 

analysis in the fluid without sample manipulation such as labeling, while maintaining the majority 

of the composition of a biological fluid. 

Ultimately, it is not known how protein stability under in vitro models translate to clinical results. 

While further studies are warranted to assess how translatable in vitro findings are to an in vivo 

setting, one study by Yang et al. compared the chemical stability of a mAb in vitro to that of healthy 

humans and reported promising findings48. The PBS in vitro model showed good correlation to 

in vivo data, however, a human serum in vitro model showed an even higher correlation, highlighting 

the importance of a biological fluid.  

Advanced In Vitro Models 

The aim to reduce animal experiments during pre-clinical development stages due to an ethical and 

resource perspective has long been discussed; making in vitro models an attractive alternative92. For 

example, Sánchez-Félix et al. discussed the advantage of reliable in vitro models during pre-clinical 

stages to predict the bioavailability of therapeutic proteins after SC administration3. Animal models 

show poor correlation to clinical data of therapeutic proteins93. Several research groups developed 

in vitro models, which simulated and maintained the physiologic conditions over extended periods 

of time to mimic the fate of therapeutic proteins after different routes of administration93-97. In that 

regard, in vitro models are advantageous as they can accelerate the selection of safe and effective 

candidate molecules and potentially bridge the gap to clinical studies.  

In vitro models can differ in their study design as certain models used static incubation26,43,48,60-

62,64,65,73,98,99 or a dialysis setup55,93-97,100-102. As these study designs are fundamentally different, future 

studies could aim at evaluating the impact of either study design on the stability of therapeutic 

proteins. We showed that certain dialysis cassettes led to particle shedding and were thus poorly 

applicable when assessing SbVP counts of therapeutic proteins62. However, dialysis chambers are 

argued to emulate the fate after SC injection more closely, as the biological fluid and DP are mixed 

slowly and dialysis allows diffusion of excipients from the therapeutic protein. Thus, such advanced 

in vitro models may offer an attractive alternative and should be further evaluated in future studies. 

Further improvements of in vitro models such as controlled flow rate may extend the stability of 
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biological fluids and thus resemble physiologic conditions more accurately and for longer 

durations.  

Besides the importance of studies investigating the impact the biological fluids on unstressed 

therapeutic proteins, another research question is related to the fate of stressed proteins. A DP may 

degrade prior to administration, e.g., during storage or clinical preparation, it remains unknown if 

a stressed protein would degrade further in vivo or if the environment may function as a repair 

system. As an example, protein dimers generated before administration may reverse back to a 

monomer or continue to degrade in vivo46. Further investigations in this field will have significant 

implications for future model developments and contribute knowledge about the relationship 

between physiologic conditions and in vivo stability of proteins. 
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Conclusion  

Therapeutic proteins can degrade upon exposure to physiologic conditions. Human-based in vitro 

models are a promising alternative to animal models to evaluate the in vivo stability of therapeutic 

proteins. PBS appeared not suitable to simulate physiologic conditions, particularly, in regards to 

physical protein stability and protein fragmentation. Fluorescence labeling is a reliable technique to 

track protein stability in unaltered biological fluids, showed however limited applicability in regards 

to SbVPs due to the instability of human serum in vitro.  

The developed SC model is promising as physiologic conditions and fluids remain stable over 

several weeks, enabling to simulate the in vivo environment closely. Artificial fluids can be modified 

to resemble other relevant extracellular fluids and simulate different routes of administration (e.g., 

vitreous humor for intravitreal injection). The matrix composition enables to apply a wide range of 

analytical methods typically used for DP characterization.  

Such in vitro models are strongly needed as they allow for a faster evaluation and may be better 

suitable to translate to clinical data. Collectively, correlating in silico and in vitro data to those found 

in patients is instrumental in the development of such models and can contribute significant 

knowledge to the in vivo stability of therapeutic proteins. Such strategies should be implemented as 

an early risk assessment of molecules before entering resource demanding clinical trials as this can 

accelerate pre-clinical development. This allows to re-engineer therapeutic protein candidates 

during pre-clinical stages and ultimately improve their stability in vivo in patients. 

  



97 
 

References 

1. Urquhart L 2020. Top companies and drugs by sales in 2019. Nat Rev Drug Discov  
19(4):228. 
2. Kaplon H, Reichert JM 2019. Antibodies to watch in 2019. MAbs  11(2):219-238. 
3. Sanchez-Felix M, Burke M, Chen HH, Patterson C, Mittal S 2020. Predicting bioavailability 
of monoclonal antibodies after subcutaneous administration: Open innovation challenge. Adv 
Drug Deliv Rev. 
4. Hamuro L, Kijanka G, Kinderman F, Kropshofer H, Bu DX, Zepeda M, Jawa V 2017. 
Perspectives on Subcutaneous Route of Administration as an Immunogenicity Risk Factor for 
Therapeutic Proteins. J Pharm Sci  106(10):2946-2954. 
5. Manning MC, Chou DK, Murphy BM, Payne RW, Katayama DS 2010. Stability of protein 
pharmaceuticals: an update. Pharm Res  27(4):544-575. 
6. Hawe A, Wiggenhorn M, van de Weert M, Garbe JH, Mahler HC, Jiskoot W 2012. Forced 
degradation of therapeutic proteins. J Pharm Sci  101(3):895-913. 
7. Chi EY, Krishnan S, Randolph TW, Carpenter JF 2003. Physical stability of proteins in 
aqueous solution: mechanism and driving forces in nonnative protein aggregation. Pharm Res  
20(9):1325-1336. 
8. Gao J, Yin DH, Yao Y, Sun H, Qin Z, Schoneich C, Williams TD, Squier TC 1998. Loss 
of conformational stability in calmodulin upon methionine oxidation. Biophys J  74(3):1115-1134. 
9. Falconer RJ 2019. Advances in liquid formulations of parenteral therapeutic proteins. 
Biotechnol Adv  37(7):107412. 
10. Mahler HC, Borchard G, Luessen H. 2010. Protein Pharmaceuticals: Formulation, 
Analytics and Delivery. ed., Aulendorf: ECV, Editio-Cantor-Verlag. 
11. Wang W 1999. Instability, stabilization, and formulation of liquid protein pharmaceuticals. 
Int J Pharm  185(2):129-188. 
12. Thiagarajan G, Semple A, James JK, Cheung JK, Shameem M 2016. A comparison of 
biophysical characterization techniques in predicting monoclonal antibody stability. MAbs  
8(6):1088-1097. 
13. Marti DN 2005. Apparent pKa shifts of titratable residues at high denaturant concentration 
and the impact on protein stability. Biophys Chem  118(2-3):88-92. 
14. Mahler HC, Friess W, Grauschopf U, Kiese S 2009. Protein aggregation: pathways, 
induction factors and analysis. J Pharm Sci  98(9):2909-2934. 
15. Rosenberg AS 2006. Effects of protein aggregates: an immunologic perspective. AAPS J  
8(3):E501-507. 
16. Carpenter JF, Randolph TW, Jiskoot W, Crommelin DJ, Middaugh CR, Winter G, Fan YX, 
Kirshner S, Verthelyi D, Kozlowski S, Clouse KA, Swann PG, Rosenberg A, Cherney B 2009. 
Overlooking subvisible particles in therapeutic protein products: gaps that may compromise 
product quality. J Pharm Sci  98(4):1201-1205. 
17. Mahler HC, Jiskoot W. 2012. Analysis of Aggregates and Particles in Protein 
Pharmaceuticals. ed., Hoboken, NJ: John Wiley & Sons. 
18. Manning MC, Patel K, Borchardt RT 1989. Stability of protein pharmaceuticals. Pharm Res  
6(11):903-918. 
19. Doessegger L, Mahler HC, Szczesny P, Rockstroh H, Kallmeyer G, Langenkamp A, 
Herrmann J, Famulare J 2012. The potential clinical relevance of visible particles in parenteral 
drugs. J Pharm Sci  101(8):2635-2644. 
20. Mathaes R, Mahler HC 2018. Next Generation Biopharmaceuticals: Product Development. 
Adv Biochem Eng Biotechnol  165:253-276. 
21. Norde W. 2000. Proteins at solid surfaces. In Baszkin A, Norde W, editors. Physical and 
Chemistry of Biological Interfaces, ed., Basel: Marcel Dekker p115-135. 



98 
 

22. Chi EY, Weickmann J, Carpenter JF, Manning MC, Randolph TW 2005. Heterogeneous 
nucleation-controlled particulate formation of recombinant human platelet-activating factor 
acetylhydrolase in pharmaceutical formulation. J Pharm Sci  94(2):256-274. 
23. Vermeer AW, Bremer MG, Norde W 1998. Structural changes of IgG induced by heat 
treatment and by adsorption onto a hydrophobic Teflon surface studied by circular dichroism 
spectroscopy. Biochim Biophys Acta  1425(1):1-12. 
24. Brynda E, Houska M, Kalal J, Cepalova NA 1980. Adsorption of human fibrinogen and 
human serum albumin onto polyethylene. Ann Biomed Eng  8(3):245-252. 
25. Rabe M, Verdes D, Rankl M, Artus GR, Seeger S 2007. A comprehensive study of concepts 
and phenomena of the nonspecific adsorption of beta-lactoglobulin. Chemphyschem  8(6):862-
872. 
26. Yin S, Pastuskovas CV, Khawli LA, Stults JT 2013. Characterization of therapeutic 
monoclonal antibodies reveals differences between in vitro and in vivo time-course studies. Pharm 
Res  30(1):167-178. 
27. Chiu ML, Goulet DR, Teplyakov A, Gilliland GL 2019. Antibody Structure and Function: 
The Basis for Engineering Therapeutics. Antibodies (Basel)  8(4). 
28. Wang W 2005. Protein aggregation and its inhibition in biopharmaceutics. Int J Pharm  
289(1-2):1-30. 
29. Wang W, Singh S, Zeng DL, King K, Nema S 2007. Antibody structure, instability, and 
formulation. J Pharm Sci  96(1):1-26. 
30. Kabat EA. 1991. Sequences of Proteins of Immunological Interest: Tabulation and Analysis 
of Amino Acid and Nucleic Acid Sequences of Precursors, V-Regions, C-Regions, J-Chain, T-Cell 
Receptors for Antigen T-Cell Surface Antigens, [Beta]2-Microglobulins, Major Histocompatibility 
Antigens, Thy-1, Complement, C-Reactive Protein, Thymopoietin, Integrins, PostGamma 
Globulin, [Alpha]2-Macroglobulins, and Other Related Proteins. ed.: National Institutes of Health. 
31. Pan H, Chen K, Chu L, Kinderman F, Apostol I, Huang G 2009. Methionine oxidation in 
human IgG2 Fc decreases binding affinities to protein A and FcRn. Protein Sci  18(2):424-433. 
32. Wang W, Vlasak J, Li Y, Pristatsky P, Fang Y, Pittman T, Roman J, Wang Y, 
Prueksaritanont T, Ionescu R 2011. Impact of methionine oxidation in human IgG1 Fc on serum 
half-life of monoclonal antibodies. Mol Immunol  48(6-7):860-866. 
33. Bertolotti-Ciarlet A, Wang W, Lownes R, Pristatsky P, Fang Y, McKelvey T, Li Y, Li Y, 
Drummond J, Prueksaritanont T, Vlasak J 2009. Impact of methionine oxidation on the binding 
of human IgG1 to Fc Rn and Fc gamma receptors. Mol Immunol  46(8-9):1878-1882. 
34. Vlasak J, Ionescu R 2011. Fragmentation of monoclonal antibodies. MAbs  3(3):253-263. 
35. Mills BJ, Moussa EM, Jameel F. 2020. Monoclonal Antibodies: Structure, Physicochemical 
Stability, and Protein Engineering. In Jameel F, Skoug JW, Nesbitt RR, editors. Development of 
Biopharmaceutical Drug-Device Products, ed., Cham, Switzerland: Springer International 
Publishing. p 3-26. 
36. Powell MF. 1994. Peptide Stability in Aqueous Parenteral Formulation. In Cleland JL, 
Langer R, editors. Formulation and Delivery of Proteins and Peptides, ed., Washington DC: 
American Chemical Society. p 100-117. 
37. Powell MF. 1996. A Compendium and Hydropathy/Flexibility Analysis of Common 
Reactive Sites in Proteins: Reactivity at Asn, Asp, Gln, and Met Motifs in Neutral pH Solution. In 
Pearlman R, Wang JY, editors. Formulation, Characterization, and Stability of Protein Drugs, ed., 
New York: Plenum Press. p 1-140. 
38. Liu H, Gaza-Bulseco G, Sun J 2006. Characterization of the stability of a fully human 
monoclonal IgG after prolonged incubation at elevated temperature. J Chromatogr B Analyt 
Technol Biomed Life Sci  837(1-2):35-43. 
39. Moritz B, Stracke JO 2017. Assessment of disulfide and hinge modifications in monoclonal 
antibodies. Electrophoresis  38(6):769-785. 



99 
 

40. Cordoba AJ, Shyong BJ, Breen D, Harris RJ 2005. Non-enzymatic hinge region 
fragmentation of antibodies in solution. J Chromatogr B Analyt Technol Biomed Life Sci  
818(2):115-121. 
41. Moorthy BS, Xie B, Moussa EM, Iyer LK, Chandrasekhar S, Panchal JP, Topp EM. 2015. 
Effect of Hydrolytic Degradation on the In Vivo Properties of Monoclonal Antibodies. In 
Rosenberg AS, Demeule B, editors. Biobetters - Protein Engineering to Approach the Curative, 
ed., New York: Springer. p 105-135. 
42. Gaza-Bulseco G, Liu H 2008. Fragmentation of a recombinant monoclonal antibody at 
various pH. Pharm Res  25(8):1881-1890. 
43. Schmid I, Bonnington L, Gerl M, Bomans K, Thaller AL, Wagner K, Schlothauer T, 
Falkenstein R, Zimmermann B, Kopitz J, Hasmann M, Bauss F, Haberger M, Reusch D, Bulau P 
2018. Assessment of susceptible chemical modification sites of trastuzumab and endogenous 
human immunoglobulins at physiological conditions. Nature Communications Biology  1(28). 
44. Schuster J, Koulov A, Mahler HC, Detampel P, Huwyler J, Singh S, Mathaes R 2020. In 
Vivo Stability of Therapeutic Proteins. Pharm Res  37(2):1-17. 
45. Goulet DR, Atkins WM 2020. Considerations for the Design of Antibody-Based 
Therapeutics. J Pharm Sci  109(1):74-103. 
46. Wang W, Singh SK, Li N, Toler MR, King KR, Nema S 2012. Immunogenicity of protein 
aggregates--concerns and realities. Int J Pharm  431(1-2):1-11. 
47. Liu H, Nowak C, Patel R 2019. Modifications of recombinant monoclonal antibodies in 
vivo. Biologicals  59:1-5. 
48. Yang N, Tang Q, Hu P, Lewis MJ 2018. Use of In Vitro Systems To Model In Vivo 
Degradation of Therapeutic Monoclonal Antibodies. Anal Chem  90(13):7896-7902. 
49. Bults P, Bischoff R, Bakker H, Gietema JA, van de Merbel NC 2016. LC-MS/MS-Based 
Monitoring of In Vivo Protein Biotransformation: Quantitative Determination of Trastuzumab 
and Its Deamidation Products in Human Plasma. Anal Chem  88(3):1871-1877. 
50. Huang L, Lu J, Wroblewski VJ, Beals JM, Riggin RM 2005. In vivo deamidation 
characterization of monoclonal antibody by LC/MS/MS. Anal Chem  77(5):1432-1439. 
51. Tran JC, Tran D, Hilderbrand A, Andersen N, Huang T, Reif K, Hotzel I, Stefanich EG, 
Liu Y, Wang J 2016. Automated Affinity Capture and On-Tip Digestion to Accurately Quantitate 
in Vivo Deamidation of Therapeutic Antibodies. Anal Chem  88(23):11521-11526. 
52. Mehl JT, Sleczka BG, Ciccimaro EF, Kozhich AT, Gilbertson DG, Vuppugalla R, Huang 
CS, Stevens B, Mo J, Deyanova EG, Wang Y, Huang RY, Chen G, Olah TV 2016. Quantification 
of in vivo site-specific Asp isomerization and Asn deamidation of mAbs in animal serum using IP-
LC-MS. Bioanalysis  8(15):1611-1622. 
53. Liu H, Ponniah G, Zhang HM, Nowak C, Neill A, Gonzalez-Lopez N, Patel R, Cheng G, 
Kita AZ, Andrien B 2014. In vitro and in vivo modifications of recombinant and human IgG 
antibodies. MAbs  6(5):1145-1154. 
54. Goetze AM, Liu YD, Arroll T, Chu L, Flynn GC 2012. Rates and impact of human antibody 
glycation in vivo. Glycobiology  22(2):221-234. 
55. Lobo B, Lo S, Wakankar A, Wang YJ, Wong RL, Goldbach P, Mahler HC. 2010. Method 
and formulation for reducing aggregation of a macromolecule under physiological conditions. In 
Genentech I, F. Hoffmann-La Roche Ag, editor, ed.: Google Patents. 
56. Jiskoot W, Beuvery EC, de Koning AA, Herron JN, Crommelin DJ 1990. Analytical 
approaches to the study of monoclonal antibody stability. Pharm Res  7(12):1234-1241. 
57. Kinderman F, Yerby B, Jawa V, Joubert MK, Joh NH, Malella J, Herskovitz J, Xie J, Ferbas 
J, McBride HJ 2019. Impact of Precipitation of Antibody Therapeutics following Subcutaneous 
Injection on Pharmacokinetics and Immunogenicity. J Pharm Sci  108(6):1953-1963. 
58. Richter WF, Christianson GJ, Frances N, Grimm HP, Proetzel G, Roopenian DC 2018. 
Hematopoietic cells as site of first-pass catabolism after subcutaneous dosing and contributors to 
systemic clearance of a monoclonal antibody in mice. MAbs  10(5):803-813. 



100 
 

59. Kratz A, Ferraro M, Sluss PM, Lewandrowski KB 2004. Case records of the Massachusetts 
General Hospital. Weekly clinicopathological exercises. Laboratory reference values. N Engl J Med  
351(15):1548-1563. 
60. Demeule B, Shire SJ, Liu J 2009. A therapeutic antibody and its antigen form different 
complexes in serum than in phosphate-buffered saline: a study by analytical ultracentrifugation. 
Anal Biochem  388(2):279-287. 
61. Schuster J, Mahler HC, Koulov A, Joerg S, Racher AJ, Huwyler J, Detampel P, Mathaes R 
2020. Tracking the physical stability of fluorescent-labeled mAbs under physiologic in vitro 
conditions in human serum and PBS. Eur J Pharm Biopharm  152:193-201. 
62. Schuster J, Mahler HC, Joerg S, Kamuju V, Huwyler J, Mathaes R 2021. Stability of 
Monoclonal Antibodies after Simulated Subcutaneous Administration. J Pharm Sci  110(6):2386-
2394. 
63. Dillon TM, Ricci MS, Vezina C, Flynn GC, Liu YD, Rehder DS, Plant M, Henkle B, Li Y, 
Deechongkit S, Varnum B, Wypych J, Balland A, Bondarenko PV 2008. Structural and functional 
characterization of disulfide isoforms of the human IgG2 subclass. J Biol Chem  283(23):16206-
16215. 
64. Schuster J, Probst C, Mahler HC, Joerg S, Huwyler J, Mathaes R 2021. Assessing Particle 
Formation of Biotherapeutics in Biological Fluids. J Pharm Sci  110(4):1527-1532. 
65. Schuster J, Koulov A, Mahler HC, Joerg S, Huwyler J, Schleicher K, Detampel P, Mathaes 
R 2020. Particle Analysis of Biotherapeutics in Human Serum using Machine Learning. J Pharm 
Sci  109(5):1827–1832. 
66. Wolfbeis OS, Leiner M 1985. Mapping of the total fluorescence of human blood serum as 
a new method for its characterization. Analytica Chimica Acta  167:203-215. 
67. Leblond F, Davis SC, Valdes PA, Pogue BW 2010. Pre-clinical whole-body fluorescence 
imaging: Review of instruments, methods and applications. J Photochem Photobiol B  98(1):77-
94. 
68. Cilliers C, Nessler I, Christodolu N, Thurber GM 2017. Tracking Antibody Distribution 
with Near-Infrared Fluorescent Dyes: Impact of Dye Structure and Degree of Labeling on Plasma 
Clearance. Mol Pharm  14(5):1623-1633. 
69. Adkins JN, Varnum SM, Auberry KJ, Moore RJ, Angell NH, Smith RD, Springer DL, 
Pounds JG 2002. Toward a human blood serum proteome: analysis by multidimensional separation 
coupled with mass spectrometry. Mol Cell Proteomics  1(12):947-955. 
70. Han M, Pearson JT, Wang Y, Winters D, Soto M, Rock DA, Rock BM 2017. 
Immunoaffinity capture coupled with capillary electrophoresis - mass spectrometry to study 
therapeutic protein stability in vivo. Anal Biochem  539:118-126. 
71. Li F, Weng Y, Zhang G, Han X, Li D, Neubert H 2019. Characterization and 
Quantification of an Fc-FGF21 Fusion Protein in Rat Serum Using Immunoaffinity LC-MS. AAPS 
J  21(5):84. 
72. Li Y, Huang Y, Ferrant J, Lyubarskaya Y, Zhang YE, Li SP, Wu SL 2016. Assessing in vivo 
dynamics of multiple quality attributes from a therapeutic IgG4 monoclonal antibody circulating 
in cynomolgus monkey. MAbs  8(5):961-968. 
73. Filipe V, Poole R, Oladunjoye O, Braeckmans K, Jiskoot W 2012. Detection and 
characterization of subvisible aggregates of monoclonal IgG in serum. Pharm Res  29(8):2202-
2212. 
74. Hotzel I, Theil FP, Bernstein LJ, Prabhu S, Deng R, Quintana L, Lutman J, Sibia R, Chan 
P, Bumbaca D, Fielder P, Carter PJ, Kelley RF 2012. A strategy for risk mitigation of antibodies 
with fast clearance. MAbs  4(6):753-760. 
75. Goyon A, Excoffier M, Janin-Bussat MC, Bobaly B, Fekete S, Guillarme D, Beck A 2017. 
Determination of isoelectric points and relative charge variants of 23 therapeutic monoclonal 
antibodies. J Chromatogr B Analyt Technol Biomed Life Sci  1065-1066:119-128. 
76. Gersh I, Catchpole HR 1960. The nature of ground substance of connective tissue. 
Perspect Biol Med  3:282-319. 



101 
 

77. Gilanyi M, Ikrenyi C, Fekete J, Ikrenyi K, Kovach AG 1988. Ion concentrations in 
subcutaneous interstitial fluid: measured versus expected values. Am J Physiol  255(3 Pt 2):F513-
519. 
78. Haljamae H, Linde A, Amundson B 1974. Comparative analyses of capsular fluid and 
interstitial fluid. Am J Physiol  227(5):1199-1205. 
79. Haljamae H 1978. Anatomy of the interstitial tissue. Lymphology  11(4):128-132. 
80. Wiig H, Swartz MA 2012. Interstitial fluid and lymph formation and transport: 
physiological regulation and roles in inflammation and cancer. Physiol Rev  92(3):1005-1060. 
81. Doell A, Schmitz OJ, Hollmann M 2019. Shedding Light into the Subcutis: A Mass 
Spectrometry Based Immunocapture Assay Enabling Full Characterization of Therapeutic 
Antibodies after Injection in Vivo. Anal Chem  91(15):9490-9499. 
82. Schaupp L, Ellmerer M, Brunner GA, Wutte A, Sendlhofer G, Trajanoski Z, Skrabal F, 
Pieber TR, Wach P 1999. Direct access to interstitial fluid in adipose tissue in humans by use of 
open-flow microperfusion. Am J Physiol  276(2):E401-408. 
83. Linthwaite VL, Janus JM, Brown AP, Wong-Pascua D, O'Donoghue AC, Porter A, 
Treumann A, Hodgson DRW, Cann MJ 2018. The identification of carbon dioxide mediated 
protein post-translational modifications. Nat Commun  9(1):3092. 
84. Kinnunen HM, Mrsny RJ 2014. Improving the outcomes of biopharmaceutical delivery via 
the subcutaneous route by understanding the chemical, physical and physiological properties of the 
subcutaneous injection site. J Control Release  182:22-32. 
85. Luo S, McSweeney KM, Wang T, Bacot SM, Feldman GM, Zhang B 2020. Defining the 
right diluent for intravenous infusion of therapeutic antibodies. MAbs  12(1):1685814. 
86. Arvinte T, Cudd A, Palais C, Poirier E. 2018. The Formulation of Biological Molecules. In 
Tovey GD, editor Pharmaceutical Formulation - The Science and Technology of Dosage Forms, 
ed., Croydon, UK: The Royal Society of Chemistry. p 288-316. 
87. Arvinte T, Poirier E, Palais C. 2015. Prediction of Aggregation In Vivo by Studies of 
Therapeutic Proteins in Human Plasma. In Rosenberg AS, Demeule B, editors. Biobetters - Protein 
Engineering to Approach the Curative, ed., New York: Springer. p 91-104. 
88. Schuster J, Mahler HC, Joerg S, Huwyler J, Mathaes R 2021. Analytical challenges assessing 
aggregation and fragmentation of therapeutic proteins in biological fluids. J Pharm Sci  110(9):3103-
3110. 
89. Tirumalai RS, Chan KC, Prieto DA, Issaq HJ, Conrads TP, Veenstra TD 2003. 
Characterization of the low molecular weight human serum proteome. Mol Cell Proteomics  
2(10):1096-1103. 
90. Cheon DH, Nam EJ, Park KH, Woo SJ, Lee HJ, Kim HC, Yang EG, Lee C, Lee JE 2016. 
Comprehensive Analysis of Low-Molecular-Weight Human Plasma Proteome Using Top-Down 
Mass Spectrometry. J Proteome Res  15(1):229-244. 
91. Merrell K, Southwick K, Graves SW, Esplin MS, Lewis NE, Thulin CD 2004. Analysis of 
low-abundance, low-molecular-weight serum proteins using mass spectrometry. J Biomol Tech  
15(4):238-248. 
92. Awwad S, Henein C, Ibeanu N, Khaw PT, Brocchini S 2020. Preclinical challenges for 
developing long acting intravitreal medicines. Eur J Pharm Biopharm  153:130-149. 
93. Bown HK, Bonn C, Yohe S, Yadav DB, Patapoff TW, Daugherty A, Mrsny RJ 2018. In 
vitro model for predicting bioavailability of subcutaneously injected monoclonal antibodies. J 
Control Release  273:13-20. 
94. Kinnunen HM, Sharma V, Contreras-Rojas LR, Yu Y, Alleman C, Sreedhara A, Fischer S, 
Khawli L, Yohe ST, Bumbaca D, Patapoff TW, Daugherty AL, Mrsny RJ 2015. A novel in vitro 
method to model the fate of subcutaneously administered biopharmaceuticals and associated 
formulation components. J Control Release  214:94-102. 
95. Awwad S, Lockwood A, Brocchini S, Khaw PT 2015. The PK-Eye: A Novel In Vitro 
Ocular Flow Model for Use in Preclinical Drug Development. J Pharm Sci  104(10):3330-3342. 



102 
 

96. Patel S, Muller G, Stracke JO, Altenburger U, Mahler HC, Jere D 2015. Evaluation of 
protein drug stability with vitreous humor in a novel ex-vivo intraocular model. Eur J Pharm 
Biopharm  95(Pt B):407-417. 
97. Patel S, Stracke JO, Altenburger U, Mahler HC, Metzger P, Shende P, Jere D 2017. 
Prediction of intraocular antibody drug stability using ex-vivo ocular model. Eur J Pharm Biopharm  
112:177-186. 
98. Liu YD, Goetze AM, Bass RB, Flynn GC 2011. N-terminal glutamate to pyroglutamate 
conversion in vivo for human IgG2 antibodies. J Biol Chem  286(13):11211-11217. 
99. Liu YD, van Enk JZ, Flynn GC 2009. Human antibody Fc deamidation in vivo. Biologicals  
37(5):313-322. 
100. Lobo B, Lo S, Wang YJ, Wong RL. 2014. Method and formulation for reducing aggregation 
of a macromolecule under physiological conditions. In Genentech I, editor, ed.: Google Patents. 
101. Liu YD, Chen Y, Tsui G, Wei B, Yang F, Yu C, Cornell C 2020. Predictive In Vitro Vitreous 
and Serum Models and Methods to Assess Thiol-related Quality Attributes in Protein Therapeutics. 
Anal Chem. 
102. Jiang XG, Wang T, Kaltenbrunner O, Chen K, Flynn GC, Huang G 2013. Evaluation of 
protein disulfide conversion in vitro using a continuous flow dialysis system. Anal Biochem  
432(2):142-154. 

 



103 
 

Appendix 

Publications Included in This Thesis 

Schuster J, Koulov A, Mahler HC, Detampel P, Huwyler J, Singh S, Mathaes R 2020. In Vivo 

Stability of Therapeutic Proteins. Pharm Res  37(2):1-17. 

 

Schuster J, Mahler HC, Joerg S, Huwyler J, Mathaes R 2021. Analytical challenges assessing 

aggregation and fragmentation of therapeutic proteins in biological fluids. J Pharm Sci  110(9):3103-

3110. 

 

Schuster J, Koulov A, Mahler HC, Joerg S, Huwyler J, Schleicher K, Detampel P, Mathaes R 2020. 

Particle Analysis of Biotherapeutics in Human Serum using Machine Learning. J Pharm Sci  

109(5):1827–1832. 

 

Schuster J, Mahler HC, Koulov A, Joerg S, Racher AJ, Huwyler J, Detampel P, Mathaes R 2020. 

Tracking the physical stability of fluorescent-labeled mAbs under physiologic in vitro conditions 

in human serum and PBS. Eur J Pharm Biopharm  152:193-201. 

 

Schuster J, Probst C, Mahler HC, Joerg S, Huwyler J, Mathaes R 2021. Assessing Particle 

Formation of Biotherapeutics in Biological Fluids. J Pharm Sci  110(4):1527-1532. 

 

Schuster J, Mahler HC, Joerg S, Kamuju V, Huwyler J, Mathaes R 2021. Stability of Monoclonal 

Antibodies after Simulated Subcutaneous Administration. J Pharm Sci  110(6):2386-2394. 

 

  



104 
 

Additional Publications Written During the Research 

Period (not included in this thesis) 

 

Schuster J, Kamuju V, Mathaes R 2021. Assessment of Antibody Stability in a Novel Protein-Free 

Serum Model. Pharmaceutics  13(6). 

 

Schuster J, Kamuju V, Mathaes R 2021. Fate of Antibody and Polysorbate Particles in a Human 

Serum Model. Eur J Pharm Biopharm. under revision 

 

 

 

  


