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Abstract: A fundamental step in developing a protein drug is the selection of a stable storage for-
mulation that ensures efficacy of the drug and inhibits physiochemical degradation or aggregation.
Here, we designed and evaluated a general workflow for screening of protein formulations based
on small-angle X-ray scattering (SAXS). Our SAXS pipeline combines automated sample handling,
temperature control, and fast data analysis and provides protein particle interaction information.
SAXS, together with different methods including turbidity analysis, dynamic light scattering (DLS),
and SDS-PAGE measurements, were used to obtain different parameters to provide high throughput
screenings. Using a set of model proteins and biopharmaceuticals, we show that SAXS is comple-
mentary to dynamic light scattering (DLS), which is widely used in biopharmaceutical research
and industry. We found that, compared to DLS, SAXS can provide a more sensitive measure for
protein particle interactions, such as protein aggregation and repulsion. Moreover, we show that
SAXS is compatible with a broader range of buffers, excipients, and protein concentrations and that
in situ SAXS provides a sensitive measure for long-term protein stability. This workflow can enable
future high-throughput analysis of proteins and biopharmaceuticals and can be integrated with
well-established complementary physicochemical analysis pipelines in (biopharmaceutical) research
and industry.
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1. Introduction

Biopharmaceuticals have revolutionized the treatment of a wide range of diseases and
are used in almost all branches of medicine [1]. Therapeutic proteins are the fastest growing
category of biopharmaceuticals for use in many clinical settings, including cancers, infec-
tious diseases, organ transplantation, chronic inflammatory, and cardiovascular diseases [2].
Biopharmaceutical products represent an increasing percentage in drug development and
new drug applications for market approval [3], but their commercial and academic us-
age is currently limited by their physical stability. In contrast to small-molecule drugs,
biopharmaceuticals are potentially immunogenic. Even slight alterations in the structure
of the active ingredients in biopharmaceuticals can significantly affect their efficacy and
immunogenicity [4,5]. Stabilization of biopharmaceuticals is generally performed during
drug development, which involves ensuring not only their proper function but also that
their structure is preserved [6]. When the protein is stored in a non-optimal condition, this
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can lead to degradation or aggregation, which may, in turn, affect the drug’s effectiveness
and cause adverse immunological responses [7,8].

Several factors determine physical stability, including concentration, pH, temperature,
surfactants, salts, sugars, amino acids, or excipients [9,10]. In addition, the balance between
attractive and repulsive interactions between proteins and between proteins and small
molecules (additives) can affect protein stability [11]. On the molecular level, driving forces
are combinations of hydrogen bonding, hydrophobic and electrostatic interactions [12].
The approaches used most frequently to stabilize proteins include controlling solution pH,
surfactants, and co-solvents like amino acids, sugars, and salts in order to suppress protein
aggregation, reduce surface adsorption, or simply provide physiological osmolality [13,14].
In these ways, repulsive unspecific protein-protein interactions are considered to be fa-
vorable for protein stability [15,16]. Summarizing, identification of suitable conditions for
protein purification, storage, and formulation, is a critical step for all protein-based biophar-
maceuticals. However, this is often a complex, time-consuming, and cost-intensive effort.

A toolbox of techniques is available for the characterization of protein physicochem-
ical properties, with dynamic light scattering (DLS), size-exclusion HPLC (SE-HPLC),
and differential scanning calorimetry (DSC) being the most widely used techniques in
biopharmaceutical research and industry. DLS has been widely used for detecting pro-
tein aggregation/mean radius. However, DLS is limited by the lower resolution used
to distinguish features of polydisperse samples and is susceptible to interference from
dispersants [17]. Protein suspensions are often highly heterogeneous and polydisperse
and may contain monomers (native, partially unfolded, unfolded), dimers, and oligomers
or aggregates [18-21]. Multiple scattering, a high concentration of small particles whose
scattering intensity is interfered with, or a small number of large particles, hamper accurate
DLS measurements [22]. It has been shown that SE-HPLC can be used to characterize the
composition of therapeutic proteins, mainly for the analysis of purified protein [23,24].
However, SE-HPLC has limited resolution, which can determine the presence of aggregates
but not clearly reveal structural changes, and requires a long operating time [25]. DSC
provides a thermodynamic profile of the protein, including change in heat capacity (ACp),
enthalpy (AH), entropy (AS), and Gibbs free energy (AG)) and can be used to assess the
structural conformation [26,27]. Its accuracy and sensitivity are limited; for example, only
>10% of denatured proteins can be detected [28].

Small-angle X-ray scattering (SAXS) is a robust technique providing insight into
the physicochemical properties of biological macromolecules in solution [29]. SAXS is
suitable to characterize equilibrium mixtures and dynamic processes, providing structural
information through parameters such as the radius of gyration (Rg) [30,31]. SAXS can be
utilized to monitor biomacromolecule conformational changes, protein-protein interactions,
assembly states (oligomerization and aggregation), intermolecular attraction and repulsion,
and dynamics [32-36]. In situ SAXS studies also allow real-time monitor of the structural
changes of proteins [37,38]. Consequently, SAXS could be an extremely beneficial technique
for high throughput formulation screening.

In this study, we present a SAXS methodology to investigate proteins in a high-
throughput formulation screening setup that can be combined with available information
derived from well-established techniques such as DLS and SE-HPLC. We used lysozyme,
human serum albumin (HSA), and therapeutic antibody fragments as model proteins to
demonstrate and validate our proposed workflow. We sought to create a generalizable
analytical workflow that can be applied to a wide range of formulations by SAXS aimed
at the identification of optimal formulations and prediction of long-term storage stability.
The storage stability progress was followed in situ and in real-time using SAXS. A compre-
hensive analysis of the physical stability of model protein formulations has been carried
out in this study. In situ SAXS-based investigations should be very effective in disclosing
biochemical processes accompanied by measurable structural changes.
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2. Materials and Methods
2.1. Materials

Albumin from human serum (10 mg/mL; Sigma, Vienna, Austria) and lysozyme
(Applichem, Darmstadt, Germany) were dissolved into ddH,O. Antibody fragments were
provided by Boehringer Ingelheim RCV GmbH and Co KG (Vienna, Austria). All samples
are from the same protein batch, and several methods were applied under the same experi-
mental conditions. The formulation screen was performed at different pH values and buffer
stocks (0.5 M concentration) using the JBScreen Buffers (Jena Bioscience, Jena, Germany,
Table S1), where SPG buffer (column 12) is produced by mixing succinic acid:sodium
dihydrogen phosphate:glycine in the molar ratio 2:7:7.

2.2. Turbidity Assay

Model protein samples (final concentration: 5 mg/mL) were mixed with different
buffer/pH from JBScreen Buffers (final concentration: 25 mM from 0.5 M buffer stocks).
Turbidity measurements were conducted at 600 nm in 96-well plates with 80 puL samples
using a FLUOstar Omega Microplate Reader (BMG Labtech). All experiments were per-
formed in triplicate. When the ODggg nm approached 0.5, the solution showed turbidity by
visual inspection. Therefore, we use 0.5 as an ODggp nm threshold for the initial formation
of aggregates.

2.3. Small-Angle X-ray Scattering

The formulation setup is the same as for the turbidity assay at room temperature
(25 °C). SAXS data for model protein formulations were recorded on an in-house SAXS
instrument (SAXSpace, Anton Paar, Graz, Austria) equipped with a Kratky camera, a
sealed X-ray tube source, and a Mythen2 R 1 K Detector (Dectris). Samples were loaded
using the automated sample changer or the sealed sampler loader (in situ analysis). One
frame with a 10-min exposure time was measured for each of the different pH/buffers at
5 mg/mL concentrations. A range of momentum transfer of 0.012 < q < 0.63 A~ was
covered (q = 47t sin(0)/A, with 20 the scattering angle and A = 1.5 A the X-ray wavelength).
All SAXS data were analyzed and processed with the SAXSanalysis package by Anton
Paar (version 4.0). We have generated a script (Supplementary Script in Supplementary
Materials) that can be used to combine all SAXS data in one Excel sheet (extract q range,
file names, and scattering intensity) and can be used to automatically calculate radius of
gyration (Rg) values for comparison using the following formula (Supplementary analysis
template in Supplementary Materials):

Ry = V3 x (In( 1(01) —In(I(q))

The script runs a series of commands and can be executed on Linux/Unix (sub)systems.
The SAXS input data must be provided in a format containing three columns (q, inten-
sity, error). The protocol has been deposited at http://smallangle.org/ (accessed on
22 December 2021).

2.4. Dynamic Light Scattering

The DLS analyses were carried out using a newly developed instrument, the Spec-
troLight 610 (XtalConcepts GmbH, Hamburg, Germany). Samples were pipetted onto
a 96-well Terasaki plate (Nunclon Delta; catalog No. 1-36528, Nunc GmbH, Wiesbaden,
Germany) in volumes of ~2 pL. Prior to use, the plates were filled with paraffin oil (paraf-
fin oil light; catalog No. A4692, AppliChem, Darmstadt, Germany) to protect the sample
solutions from drying out. The laser wavelength used was 660 nm at a power of 100 mW.
The scattering angle for the placement of the detector was fixed at 150°. All investigated
sample solutions were aqueous; therefore, the refractive index of water (1.33) was used for
all calculations. All samples were measured at 293 K.
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2.5. SDS-PAGE

NuPAGE 4-12% Bis-tris gels, NuPAGE MOPS SDS running buffer, and NuPAGE LDS
Sample Buffer (Invitrogen, Milan, Italy) were prepared for SDS PAGE. Prior to electrophore-
sis, protein samples were denatured by mixing 10 pL of protein solution (8 ug/uL) and
10 puL of NuPAGE sample buffer. The mixture was heated at 80 °C for 5 min to reduce the
protein. The reduced protein samples (10 uL) were loaded into the wells of the gels, and
electrophoresis was run at a voltage of 200 mV for 50 min. Once the dye front reached the
bottom of the gel, the gel was stained with 0.15% Coomassie Brilliant Blue in 50% (v/v)
methanol and 7% acetic acid. After the staining, the gels were destained with a solution
composed of 7% acetic acid and 20% methanol. The molecular weights of proteins were
determined by comparing the molecular weights of the proteins present in the sample
against the protein standards (10-175 kDa, ROTI®Mark BI-PINK).

3. Results

We developed a generalizable analytical workflow that can be applied to a wide range
of formulations by SAXS (Figure 1). A set of 22 different reagents covering a pH range
from 5.5 to 8.5 were used for the screening study. These chemicals are frequently used
buffer conditions for academic and industrial applications, including five major categories:
(i) phosphate; (ii) carboxylic acids (citrate, succinate, malonate, MES, malate, ADA); (iii)
amines (Tris and Bis-Tris) and (iv) amino acids (glycylglycine, AMPO, bicine, tricine); (iv)
others (imidazole, MOPS, PIPES, DIPSO, TAPS, TAPSO, SPG, HEPES, AMPD). Here, we
utilized 84-conditions JBScreen Buffer with a broad range of pH, ionic strength, and additive
types. It allows the separation of the influence of the pH and the buffering substance while
evaluating the effect of pH. The broad pH ranges and common additives are frequently
used in protein purification or storage. Firstly, we carried out a turbidity analysis, where
an increase in OD600 indicates an increase in protein size or an aggregation behavior. This
was followed by the SAXS experiments, and the Ry values were automatically generated
by our script. According to the Rg value, different colors were used to visualize the Rg
differences. The color green showed smaller Ry values indicating repulsive forces, while
larger values indicated aggregation or increasing size (red). We chose water as the reference
and selected extreme Rg values as the optimal storage condition or the worst storage
condition. Prolonged storage in a stable manner of proteins is more challenging for optimal
formulations [39]. The accelerated stability studies are typically performed at 40 °C and
carried out to predict the aggregation or degradation over prolonged storage periods at
standard conditions. Using in situ SAXS, we performed a real-time analysis, recording
the changes in Ry values over 48 h with 10 min increments. As a complementary assay,
we also used SDS-PAGE to monitor protein degradation before and after storage at 40 °C
for 48 h. In addition, DLS has been used to evaluate aggregation behavior in the same
conditions. Here, a comprehensive study of formulation screening has been thoroughly
studied, integrating the different techniques and at the same time allowing us to compare
the differences among techniques.
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Figure 1. Illustration of the SAXS Screen workflow on a single screening for studying physical
stability of protein formulations.

3.1. Lysozyme as a Model Protein

This study utilized lysozyme as a model protein, a 14.3 kDa basic protein, which has
provided detailed properties and reasonable insights into its biological activity [40—43]. It
is still unclear whether intrinsic properties of proteins are associated with solubility and
stability, so systematic screening is necessary to identify optimal conditions for samples.
As shown in Figure 2A, the rise in OD600 of lysozyme has been observed in AMPD buffer
with pH 8 (OD600: 0.456) and 8.5 (OD600:0.436), indicating an increase in the size and/or
formation of aggregates. Compared to the OD600 turbidity study, SAXS seemed to show
multi-layers and more sensitive results (Figure 2B). The higher R values are consistent with
higher OD600 values from the turbidity analysis. Notably, the turbidity analysis did not
monitor the changes among some conditions that could be observed in SAXS. Lysozyme
shows extremely basic pl (around 11), and an increased Rg value can be investigated
at pH > 8, which may be due to the solubility of proteins being minimal at pH solution
conditions close to their pl [44]. In addition, lysozyme disfavors the storage condition as
an SPG buffer. Here, H,O (as reference); bis-tris propane buffer, pH 7.0; phosphate buffer,
pH 8.0; TAPS buffer, pH 8.5 were selected as extreme buffer conditions for the next step
in the accelerated stability study (Figure 2C). Lysozyme with H,O and bis-tris propane
buffer underwent structural changes at 40 °C over time, as indicated by increasing Rg. The
sample in the most destabilizing buffer conditions (phosphate buffer, pH 8.0; TAPS buffer,
pH 8.5) exhibited a higher invariable Rq value, suggesting that aggregation-like behavior
occurs from the beginning in these buffers. The optimal buffer condition (bis-tris propane
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buffer, pH 7.0) was observed to yield the smallest Rg up to the maximal duration of 48 h
compared to the other buffers tested. Mean radii were measured by DLS with these buffer
conditions before and after 48 h storage at 40 °C to understand protein conformational
stability of lysozyme. All buffer conditions showed a minor impact at the first time point
since the mean radii of lysozyme were similar. After incubation at 40 °C for 48 h, bis-tris
propane buffer seemed more effective as an additive to prevent aggregation, whereas the
mean radius of lysozyme significantly increased with other additives (Figure 2D). Data in
Figure 2E suggests that degradation did not occur in all buffers evenly after 48 h of heating
(40 °C).
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Figure 2. (A) A microplate assay for measuring OD 600 nm of lysozyme (5 mg/mL) colored by value
(>0.5 corresponds to aggregation). (B) SAXS-based screening of lysozyme (5 mg/mL) colored by
the radius of gyration (Rg). (C) Changes in Rg were obtained for lysozyme at extreme formulations
with 40 °C. (D) Mean radii distribution of lysozyme at extreme formulations with 40 °C before and
after 48 h measured by DLS. (E) SDS-polyacrylamide gel electrophoresis (SDS-PAGE) of lysozyme
incubated at extreme formulations with 40 °C before and after 48 h.

3.2. HSA as a Model Protein

HSA is a monomeric 66.5 kDa protein synthesized by the liver. It represents the most
abundant protein in the blood serum and associates with many substances consisting
of hormones or drug processes [45]. HSA can form well-defined aggregates: dimers,
oligomers, and even larger structures [46—49]. HSA is a well-studied and highly-available
protein and was therefore selected as a model protein. Turbidity analysis did not observe a
very significant aggregation behavior (Figure 3A), but the results in SAXS showed more
pronounced variations depending on the buffer conditions (Figure 3B). Citrate buffer
(pH < 7), glycylglycine buffer, and imidazole buffer (pH < 7) can be satisfactory protein
aggregation suppressors. The three extreme conditions (phosphate, pH 8.0; citrate, pH 7.0;
TAPS, pH 7.7) and water have been chosen for 48 h storage at 40 °C, and SAXS data were
recorded every 10 min. The time-dependent increase in Ry detected by SAXS for HSA
may reflect a shift in population from monomer to dimer or aggregate formation in H,O,
phosphate pH 8.0, and citrate pH 7.0. Slight changes of Ry of HSA were detected in TAPS,
pH 7.7 buffer, indicating that HSA is stable in this buffer (Figure 3C). The mean radius of
HSA with different buffer conditions was determined by DLS measurements (Figure 3D).
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At the initial time point, HSA showed the same mean radius in all buffer conditions tested.
The resulting DLS distribution histogram indicated an increase in both the amount and
mean radius of aggregated particles for HSA with different buffer conditions after 48 h
storage at 40 °C. The effects of temperature on the aggregation of HSA have been studied,
and the dependence of structural alterations is correlated with free —SH groups at thermal
denaturation [50]. Heat treatment raises the proportion of (3 structures, which is relevant to
the aggregation of HSA [51]. Here, the increased mean radius of HSA at high temperatures
further illustrates its temperature sensitivity. The control SDS-PAGE profiles are shown in
Figure 3E. Proteolytic degradation has not been observed in all buffer conditions before
and after 48 h storage at 40 °C.

3

33
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ko]
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L
Figure 3. (A) A microplate assay for measuring OD 600 nm of HSA (5 mg/mL) colored by value
(>0.5 means aggregation). (B) SAXS-based screening of HSA (5 mg/mL) colored by the value of the
radius of gyration Rg. (C) Changes in Ry value were obtained for HSA at extreme formulations with
40 °C. (D) Mean radii distribution of HSA at extreme formulations with 40 °C before and after 48 h
measured by DLS. (E) SDS-polyacrylamide gel electrophoresis (SDS-PAGE) of HSA incubated at
extreme formulations with 40 °C before and after 48 h.

3.3. Therapeutic Antibody Fragment as a Model Protein

The therapeutic antibody fragment was provided by Boehringer Ingelheim RCV
GmbH and Co KG (Vienna, Austria). The antibody fragment is a highly water-soluble
trimeric protein with a molecular weight of 44.4 kDa, consisting of 439 amino acid residues.
Here, the buffer screen enables an extensive systematic comparative analysis of different
additives, pH, and temperature for this biopharmaceutical model protein. The maximum
OD600 for the antibody fragment was 0.60 in DPSD buffer, pH 8.0, and elevated OD600
of 0.34 and 0.36 were detected for samples in DPSD buffer, pH 7.5 and bicine, pH 7.5
compared to other buffer conditions, respectively (Figure 4A). SAXS data resolved more
differences among buffers compared to turbidity analysis. Overall, the antibody fragment
seems to generally disfavor extreme acidic or basic buffer conditions. The highest and
second highest Rgs values were observed in PIPES pH 6.1 and imidazole pH 7.5, and
therefore we selected these two as the worst storage conditions. AMPD pH 8.5 was selected
as an optimal buffer condition for further stability studies. In accordance with the observed
Rg screen results of additives for the antibody fragment, increasing aggregation (Rg) was
observed in PIPES pH 6.1 and imidazole pH 7.5 buffer conditions. In contrast, only slight
changes were observed after 48 h 40 °C storage in AMPD pH8.5. Rgs values were also
increased in HyO; hence, aggregation was most pronounced in the absence of any additives
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during 48 h 40 °C storage compared to the worse storage conditions. DLS data showed
the most obvious resistance of the antibody fragment in AMPD pH 8.5 to aggregation at
the initial time point. All selected buffer conditions show aggregation after 48 h at 40 °C
storage. Using the same experimental conditions as for the DLS analysis, degradation has
not been detected by SDS-PAGE (Figure 4E).
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Figure 4. (A) A microplate assay for measuring OD 600 screening of the antibody fragment (5 mg/mL)
colored by value (>0.5 means aggregation). (B) SAXS-based screening of the antibody fragment
(6 mg/mL) colored by the value of the radius of gyration Rg. (C) Changes in Rg value were obtained
for the antibody fragment at extreme formulations with 40 °C. (D) Mean radii distribution of the
antibody fragment at extreme formulations with 40 °C before and after 48 h measured by DLS.
(E) SDS-polyacrylamide gel electrophoresis (SDS-PAGE) of the antibody fragment was incubated at
extreme formulations at 40 °C before and after 48 h.

4. Discussion

According to a report by Mordor Intelligence, the biopharmaceuticals market was USD
325.17 billion in 2020. It has been estimated that the revenue will grow up to USD 496.71 bil-
lion in 2026. In contrast to small molecules, biopharmaceuticals are notoriously sensitive to
manufacturing processes, starting materials, and storage conditions [52]. The development
of biopharmaceuticals involves extensive physical stability characterizations which require
intensive labor and costs. The selection of a suitable storage environment is crucial for the
biopharmaceuticals’ physical stability and efficacy [53]. Currently, the most common and
largest class of biopharmaceuticals is therapeutic proteins [54]. Buffers or additives are
selected to minimize the self-association of proteins and thus prevent aggregation while
ensuring that the protein structure is not altered [55]. An optimized formulation condition
(pH, buffer, ionic strength) can be used to suppress the formation of protein aggregates
and preserve therapeutic function [56,57]. Providing a robust formulation screening strat-
egy would help reduce costs and make biologic therapies affordable. Consequently, it is
important to establish a fast, robust, and highly automated characterization strategy for
physical stability.

In this study, we have setup a pipeline for the analysis of protein aggregation by
using laboratory SAXS as a key technique. The physical stability of therapeutic protein,
ie., lysozyme, HSA, and antibody fragments, were analyzed using standard techniques
like light spectroscopy, DLS, and SDS-PAGE. DLS can qualitatively detect aggregates and
offer long-term measurements by comparing the mean radii in different formulations/time
points and has been applied widely [58-61]. Based on the observations here, turbidity
analysis can be used as a preliminary assessment of stability. After checking the formation
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of visible aggregation by measuring absorption at 600 nm, we propose to use laboratory
SAXS to detect particle interactions, such as particle repulsion and formation of soluble
aggregates. Comparing OD600 measurements, SAXS, and DLS, we found that SAXS is
more sensitive in detecting aggregation than light spectroscopy and DLS.

In situ SAXS helps to improve real-time monitoring of protein conformational changes
or turnover time points complementing the DLS analysis [43]. We found that SAXS mea-
surements can provide valuable hints for the prediction of long-term storage stability, as
higher radii of gyration correlated with poor stability in buffers in accelerated aging experi-
ments at 40 °C. Moreover, different proteins showed different sensitivities to temperature.
For example, lysozyme has higher conformational stability at 40 °C in optimal buffers,
which is consistent with DLS data and DLS-Raman [62]. In a suitable buffer, lysozyme
activity seems to be largely preserved below 60 °C [63,64]. HSA is temperature sensitive
and tends to form aggregates at elevated temperatures [65]. Correspondingly, proteins
exhibited different sensitivity to additives and pH. Low concentrations of TAPS (<0.5 M)
have been reported to preserve the secondary structure of HSA, which is in line with our
result [66]. pH is thought to be used as a chemical stressor, with extreme acidic or basic
environments triggering the formation of aggregates [67]. pH 7 presented the strongest
lysozyme activity in bis-tris propane buffer, which is consistent with our optimal storage
conditions found for lysozyme [68]. To check for proteolytic degradation, we used SDS-
PAGE, a method commonly used in the biopharmaceutical industry [69,70]. The different
buffers, as well as the storage at 40 °C, did not induce protein degradation as observed by
SDS-PAGE for all three model proteins.

Despite its rapidly growing use in biomedicine, SAXS is not yet the standard method
for formulation screening in the biopharmaceutical industry [35,71]. This is primarily due
to the fact that most SAXS studies are carried out using synchrotron SAXS, which limits its
availability in the biopharmaceutical industry. The recent improvements in affordable labo-
ratory SAXS instrumentation have made it possible to investigate biomolecular structure
and dynamics in-house [72-78] and therefore enabled a plethora of additional possibilities
for SAXS, including SAXS analysis of biopharmaceuticals. With the use of autosamplers,
laboratory SAXS can easily deal with hundreds of samples in a short period, which makes
it highly suitable for high-throughput screening [29,79]. In the current study, we used
laboratory SAXS to screen for optimal protein buffer conditions using a simple parameter,
Rg, as a read-out. In line with results from turbidity experiments, DLS, and SDS-PAGE,
SAXS measurements indicate similar aggregation behaviors with protein in specific buffers.

5. Limitation

Fast aggregation processes might not be picked up by SAXS due to the required
measurement times. The development of sample cells with rapid mixing combined with in
situ SAXS might help to overcome these limitations in the future. Alternatively, FPLC-SAXS
might be used to reduce the time difference for immediate analysis [80]. Here, we do not
provide further structural information for more advanced data analyses. For example,
conformational differences in IgG in different solutions have been revealed [81,82]. Here,
we have performed turbidity and SAXS analyses on all buffer conditions to compare
various methods. The prepared 96-well plates from the same sample can first be subjected
to turbidity analysis to exclude some buffers that already show aggregation behavior to
decrease the analyses time of the SAXS screen. In its current implementation, the analysis
script can be executed on Unix/Linus subsystems. In the future, implementation of the
pipeline in SAXS analysis software would be desired.

6. Conclusions

SAXS can provide an effective tool for formulation screening, strongly supporting the
selection and development of formulations for biopharmaceuticals. By using an automated
setup, high throughput analysis of up to 192 samples can be achieved. For the model
proteins tested in this study, SAXS was more sensitive for protein-protein interactions
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or conformational changes under different formulation conditions, and these differences
correlated with protein stability in accelerated stability studies. Together with a straightfor-
ward analysis, this will facilitate the development of SAXS as a rapid screening method for
formulation development. In addition, ongoing developments in SAXS instrumentations,
such as high-flux MetalJet X-ray sources and low-volume autosamplers, may further facili-
tate [83-85] the establishment of SAXS as a key technique in biopharmaceutical research
and industry in the near future. It can be envisioned that SAXS big datasets obtained from
screenings described here, together with sequence and structural information, could be a
useful database for training Al algorithms in the future. First studies have demonstrated the
synergy of SAXS and machine learning to predict the physical properties of biomolecules
based on SAXS data [86-89]. Our pipeline can provide high-throughput SAXS datasets as a
function of the plethora of variables such as pH, concentration, temperature, surfactants,
salts, sugars, amino acids, or excipients and may be used to predict physical stability via
machine learning in the future.
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Author Contributions: Conceptualization, T.M., FZ.; methodology, FZ., G.R.; software, EZ., G.R,,
B.B., ES., AM., AK,; validation, F.Z.; formal analysis, EZ.; investigation, EZ.; resources, A.M.,
A K., PK,; data curation, F.Z.; writing—original draft preparation, F.Z., T.M.; writing—review and
editing, EZ., GR,, B.B,, E.S.,, AM., AK, PK,, TM,; visualization, FE.Z., TM.; supervision, T.M.; project
administration, T.M.; funding acquisition, T.M. All authors have read and agreed to the published
version of the manuscript.

Funding: The work was supported by the Austrian Science Fund (FWF) grants P28854, 13792,
doc.funds BioMolStruct DOC 130, DK-MCD W1226, BioTechMed-Graz (Flagship project DYNIMO)
Austrian Research Promotion Agency (FFG) grants 864690 and 870454, the Integrative Metabolism
Research Center Graz; Austrian Infrastructure Program 2016/2017, the Styrian Government (Zukun-
ftsfonds, doc.fund program), the City of Graz, and Startup Fund for High-level Talents of Fujian
Medical University (XRCZX2021020). F.Z. was trained within the frame of the PhD program Molecu-
lar Medicine, Medical University of Graz.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on reasonable request
from the corresponding author.

Acknowledgments: Antibody fragments were provided by Boehringer Ingelheim RCV GmbH and
Co KG (Austria). Open Access Funding by the Austrian Science Fund (FWEF).

Conflicts of Interest: The authors declare no conflict of interest. Armin Moser, Andreas Keilbach,
and Petra Kotnik are employees of Anton Paar GmbH and contributed as listed in the section Author
Contributions, and Anton Paar GmbH has no role in this manuscript.

1.  Lagassé, H.D.; Alexaki, A.; Simhadri, V.L.; Katagiri, N.H.; Jankowski, W.; Sauna, Z.E.; Kimchi-Sarfaty, C. Recent advances in
(therapeutic protein) drug development. F1000Research 2017, 6, 113. [CrossRef] [PubMed]

2. Chennamsetty, N.; Voynov, V.; Kayser, V.; Helk, B.; Trout, B.L. Design of therapeutic proteins with enhanced stability. Proc. Natl.
Acad. Sci. USA 2009, 106, 11937-11942. [CrossRef] [PubMed]

@

Walsh, G. Biopharmaceutical benchmarks 2018. Nat. Biotechnol. 2018, 36, 1136-1145. [CrossRef] [PubMed]

4. Kessler, M.; Goldsmith, D.; Schellekens, H. Immunogenicity of biopharmaceuticals. Nephrol. Dial. Transplant. 2006, 21, v9—v12.

[CrossRef] [PubMed]

5. Sauerborn, M.; Brinks, V.; Jiskoot, W.; Schellekens, H. Immunological mechanism underlying the immune response to recombinant
human protein therapeutics. Trends Pharmacol. Sci. 2010, 31, 53-59. [CrossRef]


https://www.mdpi.com/article/10.3390/pharmaceutics14010069/s1
https://www.mdpi.com/article/10.3390/pharmaceutics14010069/s1
http://doi.org/10.12688/f1000research.9970.1
http://www.ncbi.nlm.nih.gov/pubmed/28232867
http://doi.org/10.1073/pnas.0904191106
http://www.ncbi.nlm.nih.gov/pubmed/19571001
http://doi.org/10.1038/nbt.4305
http://www.ncbi.nlm.nih.gov/pubmed/30520869
http://doi.org/10.1093/ndt/gfl476
http://www.ncbi.nlm.nih.gov/pubmed/16959792
http://doi.org/10.1016/j.tips.2009.11.001

Pharmaceutics 2022, 14, 69 11 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Berkowitz, S.A.; Engen, ].R.; Mazzeo, J.R.; Jones, G.B. Analytical tools for characterizing biopharmaceuticals and the implications
for biosimilars. Nat. Rev. Drug Discov. 2012, 11, 527-540. [CrossRef]

Hermeling, S.; Crommelin, D.J.; Schellekens, H.; Jiskoot, W. Structure-immunogenicity relationships of therapeutic proteins.
Pharm. Res. 2004, 21, 897-903. [CrossRef]

Braun, A.; Kwee, L.; Labow, M.A_; Alsenz, J. Protein aggregates seem to play a key role among the parameters influencing the
antigenicity of interferon alpha (IFN-o) in normal and transgenic mice. Pharm. Res. 1997, 14, 1472-1478. [CrossRef]

Xu, A\Y.; Castellanos, M.M.; Mattison, K.; Krueger, S.; Curtis, J.E. Studying excipient modulated physical stability and viscosity of
monoclonal antibody formulations using small-angle scattering. Mol. Pharm. 2019, 16, 4319-4338. [CrossRef]

Zapadka, K.L.; Becher, FJ.; Gomes dos Santos, A.; Jackson, S.E. Factors affecting the physical stability (aggregation) of peptide
therapeutics. Interface Focus 2017, 7, 20170030. [CrossRef]

Chi, E.Y,; Krishnan, S.; Randolph, T.W.; Carpenter, ].F. Physical stability of proteins in aqueous solution: Mechanism and driving
forces in nonnative protein aggregation. Pharm. Res. 2003, 20, 1325-1336. [CrossRef]

Dumetz, A.C,; Snellinger-O’Brien, A.M.; Kaler, E.W.; Lenhoff, A.M. Patterns of protein—protein interactions in salt solutions and
implications for protein crystallization. Protein Sci. 2007, 16, 1867-1877. [CrossRef]

Garidel, P.; Hegyi, M.; Bassarab, S.; Weichel, M. A rapid, sensitive and economical assessment of monoclonal antibody confor-
mational stability by intrinsic tryptophan fluorescence spectroscopy. Biotechnol. |. Healthc. Nutr. Technol. 2008, 3, 1201-1211.
[CrossRef] [PubMed]

Kamerzell, TJ.; Esfandiary, R.; Joshi, S.B.; Middaugh, C.R.; Volkin, D.B. Protein—excipient interactions: Mechanisms and
biophysical characterization applied to protein formulation development. Adv. Drug Deliv. Rev. 2011, 63, 1118-1159. [CrossRef]
[PubMed]

Bhattacharya, A.; Kim, Y.C.; Mittal, ]. Protein—protein interactions in a crowded environment. Biophys. Rev. 2013, 5, 99-108.
[CrossRef]

Kim, Y.C.; Best, R.B.; Mittal, ]. Macromolecular crowding effects on protein—protein binding affinity and specificity. J. Chem. Phys.
2010, 133, 11B608. [CrossRef] [PubMed]

Tomaszewska, E.; Soliwoda, K.; Kadziola, K.; Tkacz-Szczesna, B.; Celichowski, G.; Cichomski, M.; Szmaja, W.; Grobelny, J.
Detection limits of DLS and UV-Vis spectroscopy in characterization of polydisperse nanoparticles colloids. J. Nanomater. 2013,
2013, 60. [CrossRef]

Corvari, V.; Narhi, L.O.; Spitznagel, TM.; Afonina, N.; Cao, S.; Cash, P.; Cecchini, I.; DeFelippis, M.R.; Garidel, P.; Herre, A.
Subvisible (2-100 pm) particle analysis during biotherapeutic drug product development: Part 2, experience with the application
of subvisible particle analysis. Biologicals 2015, 43, 457-473. [CrossRef]

Patel, A.R.; Lau, D.; Liu, J. Quantification and characterization of micrometer and submicrometer subvisible particles in protein
therapeutics by use of a suspended microchannel resonator. Anal. Chem. 2012, 84, 6833-6840. [CrossRef] [PubMed]

Ripple, D.C.; Dimitrova, M.N. Protein particles: What we know and what we do not know. J. Pharm. Sci. 2012, 101, 3568-3579.
[CrossRef]

Vasudev, R.; Mathew, S.; Afonina, N. Characterization of submicron (0.1-1 pm) particles in therapeutic proteins by nanoparticle
tracking analysis. J. Pharm. Sci. 2015, 104, 1622-1631. [CrossRef] [PubMed]

Gross-Rother, ].; Blech, M.; Preis, E.; Bakowsky, U.; Garidel, P. Particle Detection and Characterization for Biopharmaceutical
Applications: Current Principles of Established and Alternative Techniques. Pharmaceutics 2020, 12, 1112. [CrossRef]
Garcia-Cafias, V.; Lorbetskie, B.; Girard, M. Rapid and selective characterization of influenza virus constituents in monovalent
and multivalent preparations using non-porous reversed-phase high performance liquid chromatography columns. J. Chromatogr.
A 2006, 1123, 225-232. [CrossRef] [PubMed]

Garcia-Canas, V.; Lorbetskie, B.; Cyr, T.D.; Hefford, M.A.; Smith, S.; Girard, M. Approach to the profiling and characterization of
influenza vaccine constituents by the combined use of size-exclusion chromatography, gel electrophoresis and mass spectrometry.
Biologicals 2010, 38, 294-302. [CrossRef]

Yang, Y,; Li, H.; Li, Z.; Zhang, Y.; Zhang, S.; Chen, Y,; Yu, M.; Ma, G.; Su, Z. Size-exclusion HPLC provides a simple, rapid, and
versatile alternative method for quality control of vaccines by characterizing the assembly of antigens. Vaccine 2015, 33, 1143-1150.
[CrossRef]

Durowoju, I.B.; Bhandal, K.S.; Hu, J.; Carpick, B.; Kirkitadze, M. Differential scanning calorimetry—A method for assessing the
thermal stability and conformation of protein antigen. JoVE J. Vis. Exp. 2017, 121, €55262. [CrossRef]

Cueto, M.; Dorta, M.].; Munguia, O.; Llabrés, M. New approach to stability assessment of protein solution formulations by
differential scanning calorimetry. Int. J. Pharm. 2003, 252, 159-166. [CrossRef]

Wen, J.; Arthur, K.; Chemmalil, L.; Muzammil, S.; Gabrielson, J.; Jiang, Y. Applications of differential scanning calorimetry for
thermal stability analysis of proteins: Qualification of DSC. J. Pharm. Sci. 2012, 101, 955-964. [CrossRef]

Hura, G.L.; Menon, A.L.; Hammel, M.; Rambo, R.P; Poole Ii, FL.; Tsutakawa, S.E.; Jenney, EE,, Jr.; Classen, S.; Frankel, K.A;
Hopkins, R.C. Robust, high-throughput solution structural analyses by small angle X-ray scattering (SAXS). Nat. Methods 2009, 6,
606—612. [CrossRef]

Dixit, S.M.; Ruotolo, B.T. A Semi-Empirical Framework for Interpreting Traveling Wave Ion Mobility Arrival Time Distributions.
J. Am. Soc. Mass Spectrom. 2019, 30, 956-966. [CrossRef] [PubMed]


http://doi.org/10.1038/nrd3746
http://doi.org/10.1023/B:PHAM.0000029275.41323.a6
http://doi.org/10.1023/A:1012193326789
http://doi.org/10.1021/acs.molpharmaceut.9b00687
http://doi.org/10.1098/rsfs.2017.0030
http://doi.org/10.1023/A:1025771421906
http://doi.org/10.1110/ps.072957907
http://doi.org/10.1002/biot.200800091
http://www.ncbi.nlm.nih.gov/pubmed/18702089
http://doi.org/10.1016/j.addr.2011.07.006
http://www.ncbi.nlm.nih.gov/pubmed/21855584
http://doi.org/10.1007/s12551-013-0111-5
http://doi.org/10.1063/1.3516589
http://www.ncbi.nlm.nih.gov/pubmed/21133453
http://doi.org/10.1155/2013/313081
http://doi.org/10.1016/j.biologicals.2015.07.011
http://doi.org/10.1021/ac300976g
http://www.ncbi.nlm.nih.gov/pubmed/22794526
http://doi.org/10.1002/jps.23242
http://doi.org/10.1002/jps.24411
http://www.ncbi.nlm.nih.gov/pubmed/25737284
http://doi.org/10.3390/pharmaceutics12111112
http://doi.org/10.1016/j.chroma.2006.04.003
http://www.ncbi.nlm.nih.gov/pubmed/16677659
http://doi.org/10.1016/j.biologicals.2009.12.005
http://doi.org/10.1016/j.vaccine.2015.01.031
http://doi.org/10.3791/55262
http://doi.org/10.1016/S0378-5173(02)00627-0
http://doi.org/10.1002/jps.22820
http://doi.org/10.1038/nmeth.1353
http://doi.org/10.1007/s13361-019-02133-6
http://www.ncbi.nlm.nih.gov/pubmed/30815838

Pharmaceutics 2022, 14, 69 12 of 14

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.
53.

54.
55.

56.
57.

58.

59.

60.

61.

Chan-Yao-Chong, M.; Durand, D.; Ha-Duong, T. Molecular Dynamics Simulations Combined with Nuclear Magnetic Resonance
and/or Small-Angle X-ray Scattering Data for Characterizing Intrinsically Disordered Protein Conformational Ensembles. .
Chem. Inf. Model. 2019, 59, 1743-1758. [CrossRef]

Mertens, H.D.; Svergun, D.I. Structural characterization of proteins and complexes using small-angle X-ray solution scattering. J.
Struct. Biol. 2010, 172, 128-141. [CrossRef]

Rambo, R.P; Tainer, J.A. Characterizing flexible and intrinsically unstructured biological macromolecules by SAS using the
Porod-Debye law. Biopolymers 2011, 95, 559-571. [CrossRef]

Zhang, F.; Skoda, M.W.,; Jacobs, R M.; Martin, R.A.; Martin, C.M.; Schreiber, F. Protein interactions studied by SAXS: Effect of ionic
strength and protein concentration for BSA in aqueous solutions. J. Phys. Chem. B 2007, 111, 251-259. [CrossRef]

Mosbak, C.R.; Konarev, P.V.; Svergun, D.L; Rischel, C.; Vestergaard, B. High concentration formulation studies of an IgG2
antibody using small angle X-ray scattering. Pharm. Res. 2012, 29, 2225-2235. [CrossRef] [PubMed]

Jacques, D.A.; Trewhella, ]. Small-angle scattering for structural biology—Expanding the frontier while avoiding the pitfalls.
Protein Sci. 2010, 19, 642-657. [CrossRef] [PubMed]

Silva, B.E. SAXS on a chip: From dynamics of phase transitions to alignment phenomena at interfaces studied with microfluidic
devices. Phys. Chem. Chem. Phys. 2017, 19, 23690-23703. [CrossRef]

Yaghmur, A.; Rappolt, M.; Jonassen, A.L.U.; Schmitt, M.; Larsen, S.W. In situ monitoring of the formation of lipidic non-lamellar
liquid crystalline depot formulations in synovial fluid. J. Colloid Interface Sci. 2021, 582, 773-781. [CrossRef]

Xu, J.; Wang, R.; Li, Y. A review of available technologies for seasonal thermal energy storage. Sol. Energy 2014, 103, 610-638.
[CrossRef]

Johnson, L.N. The structure and function of lysozyme. Sci. Progress 1933 1966, 54, 367-385.

Jolles, P; Jolles, J. What's new in lysozyme research? Mol. Cell. Biochem. 1984, 63, 165-189. [CrossRef] [PubMed]

Ghosh, A.; Brinda, K.; Vishveshwara, S. Dynamics of lysozyme structure network: Probing the process of unfolding. Biophys. J.
2007, 92, 2523-2535. [CrossRef]

Phan-Xuan, T.; Bogdanova, E.; Millqvist Fureby, A.; Fransson, J.; Terry, A.E.; Kocherbitov, V. Hydration-Induced Structural
Changes in the Solid State of Protein: A SAXS/WAXS Study on Lysozyme. Mol. Pharm. 2020, 17, 3246-3258. [CrossRef] [PubMed]
Schwenzfeier, A.; Lech, E; Wierenga, P.A.; Eppink, M.H.; Gruppen, H. Foam properties of algae soluble protein isolate: Effect of
pH and ionic strength. Food Hydrocoll. 2013, 33, 111-117. [CrossRef]

Sugio, S.; Kashima, A.; Mochizuki, S.; Noda, M.; Kobayashi, K. Crystal structure of human serum albumin at 2.5 A resolution.
Protein Eng. Des. Sel. 1999, 12, 439—446. [CrossRef]

Chubarov, A.; Spitsyna, A.; Krumkacheva, O.; Mitin, D.; Suvorov, D.; Tormyshev, V.; Fedin, M.; Bowman, M.K,; Bagryanskaya, E.
Reversible dimerization of human serum albumin. Molecules 2021, 26, 108. [CrossRef]

Sollenne, N.P.; Wu, H.-L.; Means, G.E. Disruption of the tryptophan binding site in the human serum albumin dimer. Arch.
Biochem. Biophys. 1981, 207, 264-269. [CrossRef]

Res¢ic, J.; Vlachy, V.; Jamnik, A.; Glatter, O. Osmotic pressure, small-angle X-ray, and dynamic light scattering studies of human
serum albumin in aqueous solutions. J. Colloid Interface Sci. 2001, 239, 49-57. [CrossRef] [PubMed]

Zunszain, P.; Monie, T.; Konarev, P.; Svergun, D.; Curry, S. A Structural Analysis of Conformational Changes in Human Serum
Albumin Associated with Ligand Binding and pH. 2003. Available online: http:/ /hasyweb.desy.de/science/annual_reports/20
03_report/part2/contrib/73/9952.pdf (accessed on 22 December 2021).

Pandey, N.K_; Ghosh, S.; Tripathy, D.R.; Dasgupta, S. Effect of temperature and solvent on fibrillation of human serum albumin.
Protein Pept. Lett. 2015, 22, 112-118. [CrossRef]

Maciazek-Jurczyk, M.; Janas, K.; Pozycka, J.; Szkudlarek, A.; Rogéz, W.; Owczarzy, A.; Kulig, K. Human Serum Albumin
Aggregation/Fibrillation and its Abilities to Drugs Binding. Molecules 2020, 25, 618. [CrossRef] [PubMed]

Makurvet, ED. Biologics vs. small molecules: Drug costs and patient access. Med. Drug Discov. 2021, 9, 100075. [CrossRef]
Song, J.G.; Lee, S.H.; Han, H.-K. The stabilization of biopharmaceuticals: Current understanding and future perspectives. J.
Pharm. Investig. 2017, 47, 475-496. [CrossRef]

Kesik-Brodacka, M. Progress in biopharmaceutical development. Biotechnol. Appl. Biochem. 2018, 65, 306-322. [CrossRef]

Wang, W.; Nema, S.; Teagarden, D. Protein aggregation—Pathways and influencing factors. Int. . Pharm. 2010, 390, 89-99.
[CrossRef]

Wang, W.; Roberts, C.]. Protein aggregation—Mechanisms, detection, and control. Int. |. Pharm. 2018, 550, 251-268. [CrossRef]
Manning, M.C.; Liu, J.; Li, T.; Holcomb, R.E. Rational design of liquid formulations of proteins. Adv. Protein Chem. Struct. Biol.
2018, 112, 1-59.

Mabhler, H.-C.; Miiller, R.; Frie3, W.; Delille, A.; Matheus, S. Induction and analysis of aggregates in a liquid IgG1-antibody
formulation. Eur. |. Pharm. Biopharm. 2005, 59, 407-417. [CrossRef] [PubMed]

Arakawa, T.; Philo, ].S.; Ejima, D.; Tsumoto, K.; Arisaka, F. Aggregation analysis of therapeutic proteins, part 2. Bioprocess Int.
2007, 5, 36-47.

Den Engelsman, J.; Garidel, P.; Smulders, R.; Koll, H.; Smith, B.; Bassarab, S.; Seidl, A.; Hainzl, O.; Jiskoot, W. Strategies for the
assessment of protein aggregates in pharmaceutical biotech product development. Pharm. Res. 2011, 28, 920-933. [CrossRef]
Fang, C.; Bhattarai, N.; Sun, C.; Zhang, M. Functionalized nanoparticles with long-term stability in biological media. Small 2009,
5,1637-1641. [CrossRef] [PubMed]


http://doi.org/10.1021/acs.jcim.8b00928
http://doi.org/10.1016/j.jsb.2010.06.012
http://doi.org/10.1002/bip.21638
http://doi.org/10.1021/jp0649955
http://doi.org/10.1007/s11095-012-0751-3
http://www.ncbi.nlm.nih.gov/pubmed/22477029
http://doi.org/10.1002/pro.351
http://www.ncbi.nlm.nih.gov/pubmed/20120026
http://doi.org/10.1039/C7CP02736B
http://doi.org/10.1016/j.jcis.2020.08.084
http://doi.org/10.1016/j.solener.2013.06.006
http://doi.org/10.1007/BF00285225
http://www.ncbi.nlm.nih.gov/pubmed/6387440
http://doi.org/10.1529/biophysj.106.099903
http://doi.org/10.1021/acs.molpharmaceut.0c00351
http://www.ncbi.nlm.nih.gov/pubmed/32787275
http://doi.org/10.1016/j.foodhyd.2013.03.002
http://doi.org/10.1093/protein/12.6.439
http://doi.org/10.3390/molecules26010108
http://doi.org/10.1016/0003-9861(81)90033-3
http://doi.org/10.1006/jcis.2001.7545
http://www.ncbi.nlm.nih.gov/pubmed/11397047
http://hasyweb.desy.de/science/annual_reports/2003_report/part2/contrib/73/9952.pdf
http://hasyweb.desy.de/science/annual_reports/2003_report/part2/contrib/73/9952.pdf
http://doi.org/10.2174/0929866521666140320104409
http://doi.org/10.3390/molecules25030618
http://www.ncbi.nlm.nih.gov/pubmed/32023900
http://doi.org/10.1016/j.medidd.2020.100075
http://doi.org/10.1007/s40005-017-0341-9
http://doi.org/10.1002/bab.1617
http://doi.org/10.1016/j.ijpharm.2010.02.025
http://doi.org/10.1016/j.ijpharm.2018.08.043
http://doi.org/10.1016/j.ejpb.2004.12.004
http://www.ncbi.nlm.nih.gov/pubmed/15760721
http://doi.org/10.1007/s11095-010-0297-1
http://doi.org/10.1002/smll.200801647
http://www.ncbi.nlm.nih.gov/pubmed/19334014

Pharmaceutics 2022, 14, 69 13 of 14

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Lewis, E.N.; Qi, W.; Kidder, L. H.; Amin, S.; Kenyon, S.M.; Blake, S. Combined dynamic light scattering and Raman spectroscopy
approach for characterizing the aggregation of therapeutic proteins. Molecules 2014, 19, 20888-20905. [CrossRef]

Bisht, M.; Kumar, A.; Venkatesu, P. Analysis of the driving force that rule the stability of lysozyme in alkylammonium-based ionic
liquids. Int. J. Biol. Macromol. 2015, 81, 1074-1081. [CrossRef] [PubMed]

Aminlari, L.; Mohammadi Hashemi, M.; Aminlari, M. Modified lysozymes as novel broad spectrum natural antimicrobial agents
in foods. J. Food Sci. 2014, 79, R1077-R1090. [CrossRef]

Wetzel, R.; Becker, M.; Behlke, J.; Billwitz, H.; Bohm, S.; Ebert, B.; Hamann, H.; Krumbiegel, J.; Lassmann, G. Temperature
behaviour of human serum albumin. Eur. J. Biochem. 1980, 104, 469-478. [CrossRef]

Pavani, P.; Kumar, K.; Rani, A.; Venkatesu, P.; Lee, M.-]. The influence of sodium phosphate buffer on the stability of various
proteins: Insights into protein-buffer interactions. . Mol. Lig. 2021, 331, 115753. [CrossRef]

Vlasak, J.; Ionescu, R. Fragmentation of monoclonal antibodies. In Proceedings of the MAbs; Taylor & Francis: Abingdon, UK, 2011;
pp- 253-263.

Borzooeian, Z.; Taslim, M.; Borzooeian, G.; Ghasemi, O.; Aminlari, M. Activity and stability analysis of covalent conjugated
lysozyme-single walled carbon nanotubes: Potential biomedical and industrial applications. RSC Adv. 2017, 7, 48692-48701.
[CrossRef]

Goda, D.A; Bassiouny, A.R.; Abdel Monem, N.M.; Soliman, N.A.; Abdel-Fattah, Y.R. Feather protein lysate optimization and
feather meal formation using YNDH protease with keratinolytic activity afterward enzyme partial purification and characteriza-
tion. Sci. Rep. 2021, 11, 14543. [CrossRef] [PubMed]

Sadeghi, A.; Nikkhah, A.; Shawrang, P.; Shahrebabak, M. Protein degradation kinetics of untreated and treated soybean meal
using SDS-PAGE. Anim. Feed Sci. Technol. 2006, 126, 121-133. [CrossRef]

Fukuda, M.; Moriyama, C.; Yamazaki, T.; Imaeda, Y.; Koga, A. Quantitative correlation between viscosity of concentrated MAb
solutions and particle size parameters obtained from small-angle X-ray scattering. Pharm. Res. 2015, 32, 3803-3812. [CrossRef]
Schmid, PW.; Lim, N.C.; Peters, C.; Back, K.C.; Bourgeois, B.; Pirolt, E; Richter, B.; Peschek, J.; Puk, O.; Amarie, O.V. Imbalances in
the eye lens proteome are linked to cataract formation. Nat. Struct. Mol. Biol. 2021, 28, 143-151. [CrossRef]

Schilcher, I.; Ledinski, G.; Radulovi¢, S.; Hallstrom, S.; Eichmann, T.; Madl, T.; Zhang, E; Leitinger, G.; Kolb-Lenz, D.; Darnhofer,
B. Endothelial lipase increases antioxidative capacity of high-density lipoprotein. Biochim. Biophys. Acta BBA Mol. Cell Biol. Lipids
2019, 1864, 1363-1374. [CrossRef] [PubMed]

Janowski, R.; Scanu, S.; Niessing, D.; Madl, T. Crystal and solution structural studies of mouse phospholipid hydroperoxide
glutathione peroxidase 4. Acta Crystallogr. Sect. F Struct. Biol. Commun. 2016, 72, 743-749. [CrossRef] [PubMed]

Sonntag, M.; Jagtap, PK.A.; Simon, B.; Appavou, M.S.; Geerlof, A.; Stehle, R.; Gabel, F.; Hennig, J.; Sattler, M. Segmental,
Domain-Selective Perdeuteration and Small-Angle Neutron Scattering for Structural Analysis of Multi-Domain Proteins. Angew.
Chem. 2017, 129, 9450-9453. [CrossRef]

Kooshapur, H.; Choudhury, N.R.; Simon, B.; Miihlbauer, M.; Jussupow, A.; Fernandez, N.; Jones, A.N.; Dallmann, A.; Gabel, F,;
Camilloni, C. Structural basis for terminal loop recognition and stimulation of pri-miRNA-18a processing by hnRNP Al. Nat.
Commun. 2018, 9, 2479. [CrossRef] [PubMed]

Trewhella, J.; Duff, A.P; Durand, D.; Gabel, E; Guss, ].M.; Hendrickson, W.A.; Hura, G.L.; Jacques, D.A.; Kirby, N.M.; Kwan, A.H.
2017 publication guidelines for structural modelling of small-angle scattering data from biomolecules in solution: An update.
Acta Crystallogr. Sect. D Struct. Biol. 2017, 73, 710-728. [CrossRef]

Gao, ].-L.; Kwan, A.H.; Yammine, A.; Zhou, X,; Trewhella, J.; Hugrass, B.M.; Collins, D.A.; Horne, ]J.; Ye, P.; Harty, D. Structural
properties of a haemophore facilitate targeted elimination of the pathogen Porphyromonas gingivalis. Nat. Commun. 2018,
9, 4097. [CrossRef] [PubMed]

Damoiseaux, R.; George, S.; Li, M.; Pokhrel, S.; Ji, Z.; France, B.; Xia, T.; Suarez, E.; Rallo, R.; Médler, L. No time to lose—High
throughput screening to assess nanomaterial safety. Nanoscale 2011, 3, 1345-1360. [CrossRef] [PubMed]

David, G.; Pérez, J. Combined sampler robot and high-performance liquid chromatography: A fully automated system for
biological small-angle X-ray scattering experiments at the Synchrotron SOLEIL SWING beamline. ]. Appl. Crystallogr. 2009, 42,
892-900. [CrossRef]

Blanchet, C.E.; Svergun, D.I. Small-angle X-ray scattering on biological macromolecules and nanocomposites in solution. Annu.
Rev. Phys. Chem. 2013, 64, 37-54. [CrossRef]

Lilyestrom, W.G.; Shire, S.J.; Scherer, T.M. Influence of the cosolute environment on IgG solution structure analyzed by small-angle
X-ray scattering. J. Phys. Chem. B 2012, 116, 9611-9618. [CrossRef] [PubMed]

Blanchet, C.E.; Zozulya, A.V,; Kikhney, A.G.; Franke, D.; Konarev, P.V;; Shang, W.; Klaering, R.; Robrahn, B.; Hermes, C.; Cipriani,
F. Instrumental setup for high-throughput small-and wide-angle solution scattering at the X33 beamline of EMBL Hamburg. J.
Appl. Crystallogr. 2012, 45, 489-495. [CrossRef]

Frewein, M.P,; Doktorova, M.; Heberle, EA.; Scott, H.L.; Semeraro, E.F,; Porcar, L.; Pabst, G. Structure and Interdigitation of
Chain-Asymmetric Phosphatidylcholines and Milk Sphingomyelin in the Fluid Phase. Symmetry 2021, 13, 1441. [CrossRef]
Kaltenegger, M.; Kremser, J.; Frewein, M.P,; Bonthuis, D.J.; Ziherl, P.; Pabst, G. Intrinsic lipid curvatures of mammalian plasma
membrane outer leaflet lipids and ceramides. bioRxiv 2021. preprint. [CrossRef]

Scherdel, C.; Miller, E.; Reichenauer, G.; Schmitt, ]. Advances in the Development of Sol-Gel Materials Combining Small-Angle
X-ray Scattering (SAXS) and Machine Learning (ML). Processes 2021, 9, 672. [CrossRef]


http://doi.org/10.3390/molecules191220888
http://doi.org/10.1016/j.ijbiomac.2015.09.036
http://www.ncbi.nlm.nih.gov/pubmed/26410812
http://doi.org/10.1111/1750-3841.12460
http://doi.org/10.1111/j.1432-1033.1980.tb04449.x
http://doi.org/10.1016/j.molliq.2021.115753
http://doi.org/10.1039/C7RA07189B
http://doi.org/10.1038/s41598-021-93279-5
http://www.ncbi.nlm.nih.gov/pubmed/34267231
http://doi.org/10.1016/j.anifeedsci.2005.05.026
http://doi.org/10.1007/s11095-015-1739-6
http://doi.org/10.1038/s41594-020-00543-9
http://doi.org/10.1016/j.bbalip.2019.06.011
http://www.ncbi.nlm.nih.gov/pubmed/31220617
http://doi.org/10.1107/S2053230X16013686
http://www.ncbi.nlm.nih.gov/pubmed/27710939
http://doi.org/10.1002/ange.201702904
http://doi.org/10.1038/s41467-018-04871-9
http://www.ncbi.nlm.nih.gov/pubmed/29946118
http://doi.org/10.1107/S2059798317011597
http://doi.org/10.1038/s41467-018-06470-0
http://www.ncbi.nlm.nih.gov/pubmed/30291238
http://doi.org/10.1039/c0nr00618a
http://www.ncbi.nlm.nih.gov/pubmed/21301704
http://doi.org/10.1107/S0021889809029288
http://doi.org/10.1146/annurev-physchem-040412-110132
http://doi.org/10.1021/jp303839t
http://www.ncbi.nlm.nih.gov/pubmed/22827493
http://doi.org/10.1107/S0021889812013490
http://doi.org/10.3390/sym13081441
http://doi.org/10.1016/j.bbamem.2021.183709
http://doi.org/10.3390/pr9040672

Pharmaceutics 2022, 14, 69 14 of 14

87. Franke, D.; Jeffries, C.M.; Svergun, D.I. Machine learning methods for X-ray scattering data analysis from biomacromolecular
solutions. Biophys. J. 2018, 114, 2485-2492. [CrossRef]

88. Do, C,; Chen, W.-R; Lee, S. Small angle scattering data analysis assisted by machine learning methods. MRS Adv. 2020, 5,
1577-1584. [CrossRef]

89. Demerdash, O.; Shrestha, U.R.; Petridis, L.; Smith, ]J.C.; Mitchell, ].C.; Ramanathan, A. Using small-angle scattering data and
parametric machine learning to optimize force field parameters for intrinsically disordered proteins. Front. Mol. Biosci. 2019, 6, 64.
[CrossRef]


http://doi.org/10.1016/j.bpj.2018.04.018
http://doi.org/10.1557/adv.2020.130
http://doi.org/10.3389/fmolb.2019.00064

	Introduction 
	Materials and Methods 
	Materials 
	Turbidity Assay 
	Small-Angle X-ray Scattering 
	Dynamic Light Scattering 
	SDS-PAGE 

	Results 
	Lysozyme as a Model Protein 
	HSA as a Model Protein 
	Therapeutic Antibody Fragment as a Model Protein 

	Discussion 
	Limitation 
	Conclusions 
	References

