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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 shelflife 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
1

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
2

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 concentrationdepending11.
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Table 1: Classification of protein aggregates. Adapted from14,17,20.
Protein aggregate
categories
Conformation / structure

Size

•

Native

•

partially denatured

•

denatured

•

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

Type of bond

•

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

•

irreversible

•

dissociable

•

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 posttranslational 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
6

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
7

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.

8

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?

9
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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
Particle size

IgG t0
Mean

sample preparation

IgG t1

CV [%]

Mean

IgG t0

CV [%]

Mean

IgG t1

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 FluorescentLabeled 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.
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Assessing Particle Formation of Biotherapeutics in
Biological Fluids

The following chapter has been published as rapid communication in the Journal of Pharmaceutical
Sciences.
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J Pharm Sci. 2021, 110(4), 1527-1532
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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..
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Stability of Monoclonal Antibodies after Simulated Subcutaneous Administration
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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 incubation 26,43,48,6062,64,65,73,98,99

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.
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