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The formulation of novel therapeutic proteins is a challenging task which aims at finding formulation conditions
that will minimize protein degradation during long-term storage. One particularly important and difficult-to-
predict protein degradation pathway is the so-called non-native aggregation. The qualitative and quantitative
prediction of the latter has been a subject of extensive research over the past two decades. An increasing body of
evidence shows that the widely-used short-term biophysical techniques cannot accurately rank formulation
conditions in order of their effect on the aggregation during long-term storage of some therapeutic proteins, e.g.
monoclonal antibodies. Here we suggest a novel approach for the selection of formulation conditions that will
suppress the formation of protein aggregates during long-term storage. We postulate that conditions (i.e. pH,
buffer type, ionic strength) that reduce the isothermal aggregation of various denaturant-induced partially
folded protein species will be conditions that impede protein aggregation during long-term storage. To test our
hypothesis, we developed an isothermal microdialysis-based unfolding/refolding assay, named ReFOLD, which
we use to induce moderate aggregation of partially folded proteins. Next, we assessed the relative monomer yield
after isothermal unfolding/refolding of two monoclonal antibodies, each formulated in 12 different conditions.
Using the proposed approach, we were able to accurately rank the formulations in order of their effect on the
amount of protein aggregates detected after storage for 12 months at 4 °C and 25 °C, while widely-used stability-
indicating parameters like protein melting and aggregation onset temperatures failed to provide accurate pre-
dictive formulation rankings.

1. Introduction

Non-native protein aggregation (referred to as just “protein ag-
gregation” in this paper) is a major concern during the long-term sto-
rage of liquid protein formulations [1-4]. This pathway of protein ag-
gregation typically occurs through partially unfolded intermediates
(often termed as reactive species [5]), which can form irreversible ag-
gregate nuclei that can further grow by various mechanisms. The latter
are extensively discussed in the literature and are outside the scope of
this article [1,6-9]. Regardless of the exact mechanism of aggregate
nucleation and growth, the formation and presence of protein ag-
gregates in parenteral products should be controlled and minimized for
various reasons, e.g. immunogenicity concerns [10-13], reduced bio-
logical activity [14,15] or non-compliance with regulatory frameworks

[16-18]. The formation of protein aggregates during long-term storage
can be suppressed by choosing suitable formulation conditions, e.g. pH,
buffer type, ionic strength, etc. [19,20]. The process of selecting the
optimal formulation for a new therapeutic protein candidate usually
includes the testing of dozens of different conditions [21,22]. Screening
all these formulation conditions with long-term and/or accelerated
stability studies is impractical as this would require a lot of resources.
Therefore, many researchers turn to short-term biophysical techniques
that could provide predictions for the protein aggregation during sto-
rage, thereby reducing the number of formulations for long-term sta-
bility studies.

Such biophysical techniques usually require small amounts of
sample, can be performed in short timeframes and are suitable for au-
tomatization and high-throughput formats [23-26]. Two of these
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techniques that are frequently used in the industry are differential
scanning fluorimetry (DSF) and dynamic light scattering (DLS)
[4,27-32]. The latter can provide the (apparent) protein melting tem-
perature (T,,) and the aggregation onset temperature (T,g,) respec-
tively. Earlier publications show that in some cases, and on a limited set
of formulation conditions, a high Ty, or a high Ty, can be an indicator
for formulation conditions where protein aggregation is suppressed
during accelerated stability studies (e.g. 40 °C and 50 °C) [4,33,34].
However, recent work on larger sets of proteins indicates that these
parameters show a very weak or no correlation with the aggregation
behaviour of many therapeutic proteins, especially mAbs, during sto-
rage at 4°C and 25 °C [21,33,35,36].

Probably due to the above-mentioned reason, researchers have
started to explore orthogonal techniques that could provide better
stability predictions for the aggregation behaviour of novel therapeutic
proteins during long-term storage. One such technique is isothermal
chemical denaturation (ICD) [31,37,38]. Although ICD is the gold
standard to obtain the Gibbs free energy of protein unfolding (and
thereby assess the conformational stability of a protein) [39], the data
evaluation from this method is valid only in cases where the protein of
interest undergoes reversible unfolding in the denaturant solution
[40-42]. Most of the published work including ICD experiments is on
small globular single-domain proteins [43-45]. However, the vast
majority of therapeutic proteins under development in the moments
have large, multi-domain structures (e.g. mAbs, bispecifics, fusion
proteins, antibody-drug conjugates) that can undergo complex, multi-
step unfolding during an ICD experiment which could require sophis-
ticated fitting to a model [31,46]. Furthermore, the reversibility of
unfolding of these proteins in different formulation conditions might
vary [37,40,41]. Recently, it was suggested that one could use ICD
experiments to investigate non-reversibility effects during protein un-
folding in a denaturant [47,48]. Such experiments study how the ap-
parent Gibbs free energy of protein unfolding changes when different
protein concentrations are used to obtain the ICD curves. It was already
demonstrated that the latter approach can provide complementary
stability-indicating information to DSF and DLS [37,49]. Still, ICD ex-
periments that study the concentration dependence of dG are tedious,
require dedicated laboratory equipment and rely on the quality of the
fitting to a certain unfolding model.

Rather than using ICD as an “indirect” way to look into the effect of
the formulation conditions on the reversibility of isothermal protein
unfolding, we recently suggested that one could directly study the ag-
gregation after dilution from a denaturant [40]. Shortly after that and
independently of us, Rowe et al. suggested a similar approach [50]. In
our previous work, we showed that when the dilution refolding ex-
periments are performed with certain denaturant concentrations, the
protein aggregation during refolding can be linked to other stability-
indicating parameters, e.g. the melting denaturant concentration C,,
and the interaction parameter kp [40]. The dilution approach we pro-
posed is valuable to probe which denaturant concentrations will cause
extensive protein aggregation after dilution refolding and also to study
if there is a difference in the physical stability of a protein in conditions
with overlapping ICD curves [40].

However, different concentrations of a denaturant cause different
degrees of protein unfolding and different aggregation-prone inter-
mediates. Each of the latter could be important for the non-native
protein aggregation during long-term storage. Rather than diluting the
protein from dozens of different denaturant concentrations, we decided
to perform microdialysis on the protein against a denaturant and sub-
sequently against a denaturant-free formulation buffer. This procedure
will cause various unfolding (refolding) protein intermediates. We hy-
pothesized that these intermediates will aggregate depending on the
formulation conditions, e.g. pH, buffer type, ionic strength, protein
concentration. The rationale behind using this phenomenon as a protein
formulation tool is that formulation conditions which suppress the ag-
gregation of various partially folded states would be formulation
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conditions that would suppress protein aggregation during long-term
storage. Since the isolation of the individual aggregation-prone inter-
mediates or aggregates formed could be a challenging task, we adopted
an approach where we assess the relative monomer yield (RMY) after
the isothermal unfolding and refolding is completed. Important to note,
assessing the RMY after isothermal unfolding/refolding of the protein
for the purpose of formulation development would be quite different
compared to unfolding/refolding experiments to increase the monomer
yield after protein expression as inclusion bodies. The latter experi-
ments usually include a reduction and new formation of disulfide
bonds, as well as extremities in the pH, excipient concentration and the
type of excipients used [51-55]. Assessing the aggregation during iso-
thermal unfolding/refolding of the protein as a formulation tool is fo-
cused on a pH range which is realistic for long-term storage and ad-
ministration in patients due to chemical stability and tolerability
considerations respectively. Furthermore, the excipients used, as well as
their concentrations, would be approved for parenteral application
[56].

To study our hypothesis, we developed a microdialysis unfolding/
refolding assay which we called ReFOLD. Next, we studied the effect of
realistic for long-term storage formulation conditions on the relative
monomer yield after isothermal unfolding/refolding of two monoclonal
antibodies. We validated the predictions from the ReFOLD assay by
performing a 12-month stability study at 4 °C and 25 °C. Additionally,
we characterized the antibodies in presence of urea to show that this
denaturant causes partially unfolded states and suppresses the protein
aggregation in all conditions tested. The latter phenomena allow us to
see formulation-dependent differences in the monomer loss caused by
aggregation of partially folded protein species during unfolding/re-
folding.

2. Materials and methods
2.1. Monoclonal antibodies and chemicals

Two IgG1l monoclonal antibodies were used in this work - LMU-1
and PPI03. The monomeric state and the purity of the proteins in the
bulk solution were confirmed as described earlier [40].

The buffer of the mAbs was exchanged by extensive dialysis over-
night as previously described [40]. Unless otherwise stated, the final
mAD solutions after dialysis contained 10 mM histidine/histidine hy-
drochloride buffer, 10 mM sodium citrate/citric acid buffer with a pH 5,
5.75 or 6.5. The PPI03 samples containing 70 mM sodium chloride were
prepared by spiking in the salt from a 10X stock solution. All LMU-1
samples contained 0.05% w/v polysorbate 20 which was spiked in the
protein solution after dialysis. All PPI03 solutions were free of surfac-
tants. For an overview of the formulations see Tables 1, S1 and S2. The
protein concentration was measured by UV spectrometry at 280 nm
with a Nanodrop 2000 (Thermo Fisher Scientific, Wilmington, DE)
using the respective protein extinction coefficient.

Reagent chemicals from the highest grade available were purchased
from Sigma Aldrich (Steinheim, Germany), VWR International
(Darmstadt, Germany) or Fisher Scientific (Schwerte, Germany). Highly
purified water was used for the preparation of all buffers.

2.2. Isothermal protein unfolding and refolding with microdialysis (the
ReFOLD assay)

100 uL of formulated mAb solution was filled in Pierce™ micro-
dialysis devices with a membrane having 3.5 kDa MWCO. The samples
were dialyzed in a deep well-plate against 1.5 mL of 10 M urea solution
in the respective formulation buffer. The urea solution was changed 4
and 8h after the beginning. After the last change, the dialysis was
continued for another 16 h. Next, the mAb samples dialyzed against
10 M urea were dialyzed against 1.5mL of the respective urea-free
formulation buffer. The buffer was changed 4 and 8h after the
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Table 1
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Relative Monomer Yield (RMY) of LMU-1 formulations after the ReFOLD assay and the relative content of high molecular weight species after long term storage of the
respective LMU-1 formulations. The values are mean of triplicates and the error represents the standard deviation. The value from each replicate is provided in Table

S1.
Formulation number Protein conc. [g/L] Buffer pH RMY after refolding from 10 M urea % HMW after 12 months at 25°C % HMW after 12 months at 4°C
Mean StDev Mean StDev Mean StDev

1 10 Histidine 5 0.387 0.0145 0.207 0.0252 0.153 0.0513
2 10 Histidine 5.75 0.378 0.0125 0.167 0.0153 0.197 0.0462
3 10 Histidine 6.5 0.269 0.0035 0.447 0.0907 0.283 0.0808
4 10 Citrate 5 0.241 0.0021 0.51 0.0346 0.313 0.0231
5 10 Citrate 5.75 0.168 0.0032 0.723 0.0651 0.363 0.0586
6 10 Citrate 6.5 0.159 0.0067 0.94 0.1082 0.607 0.0404
7 50 Histidine 5 0.096 0.0032 0.703 0.0289 0.47 0.04

8 50 Histidine 5.75 0.083 0.0046 0.863 0.0306 0.587 0.0723
9 50 Histidine 6.5  0.005 0.0038 1.607 0.0551 0.923 0.0208
10 50 Citrate 5 0.071 0.0052 0.977 0.0808 0.437 0.0643
11 50 Citrate 5.75 0.035 0.0046 1.15 0.0819 0.593 0.0208
12 50 Citrate 6.5 0.021 0.0032 1.757 0.0929 1.01 0.0755

beginning, the dialysis continued in total for 24 h. During the entire
dialysis procedure, the deep well plate was attached to a Thermomixer
Comfort (Eppendorf AG, Hamburg, Germany) which was adjusted to
agitate the plate at 700 rpm. Finally, the samples were collected from
the dialysis devices and the weight of each sample was added to 1.0 g
with the respective urea-free buffer to avoid variations in the sample
volume that might arise during dialysis. Finally, the samples were
centrifuged at 10 000g for 10 min to remove any insoluble matter. The
supernatant was used for further measurements.

2.3. Size Exclusion Chromatography (SEC)

A Dionex Summit 2 system (Thermo Fisher, Dreieich, Germany) and
a TSKgel G3000SWxl, 7.8 x 300 mm, 5 um column (Tosoh Bioscience,
Tokyo, Japan) were used for the size exclusion chromatography.
Protein elution was detected at 280 nm unless otherwise stated. The
running buffer consisted of 100 mM potassium phosphate, 200 mM
sodium chloride and 0.05% w/v sodium azide. The buffer pH was ad-
justed to 7.0 with 2M sodium hydroxide. The chromatograms were
integrated with Chromeleon V6.8 (Thermo Fisher, Dreieich, Germany).
The relative content of the high molecular weight (HMW) species
formed after long-term storage was calculated by dividing the peak area
of the high molecular weight species by the total area of all protein
peaks in the chromatogram which provides a number representing the
relative content of high molecular weight species in percentage.
Representative chromatograms with integration times and more ex-
planations are presented in Fig S1. The relative monomer yield (RMY)
of the proteins after isothermal unfolding/refolding, i.e. the ReFOLD
assay, was calculated by dividing the area of the monomer peak of the
refolded sample by the area of the monomer peak of the sample before
unfolding/refolding which gives a value between 0 and 1, where 0
means that no protein monomer is recovered in the sample after re-
folding and 1 means the same amount of monomer is recovered after
refolding.

2.4. Size Exclusion Chromatography with Multi-angle Light Scattering
Detector (SEC-MALS)

An Agilent 1100 Series HPLC system (Santa Clara, CA, USA) with an
Agilent 1100 multiple wavelength detector (Santa Clara, CA, USA),
Agilent 1100 refractive index detector and a DAWN HELEOS multi-
angle light scattering (MALS) detector (Wyatt Technology, Santa
Barbara, USA) were used for the SEC-MALS measurements. Sample
elution was monitored at 280 nm and with the change in the refractive
index. The same column and running buffer like for the SEC method
above were used. Data collection and processing were performed using
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the ASTRA software, Version 7.1 (Wyatt Technology, Santa Barbara,
USA).

2.5. Isothermal Chemical Denaturation (ICD)

Samples for isothermal chemical denaturation experiments were
prepared by combining protein stock solution in formulation buffer
with different amounts of formulation buffer and 10 M urea stock so-
lution in formulation buffer in a non-binding 384-well plate as de-
scribed earlier [37,40]. The samples were incubated for 24 h at room
temperature and the protein intrinsic fluorescence intensity at 330 and
350nm was measured after excitation at 280 nm with a FLUOstar
Omega microplate reader (BMG Labtech, Ortenberg, Germany). The
intrinsic protein fluorescence intensity ratio (FI350/FI330) was plotted
against the urea concentration to obtain isothermal chemical unfolding
curves of the mAbs in different buffers [25,37,40].

2.6. Microscale Differential Scanning Fluorimetry (nanoDSF™)

The protein samples were filled in standard nanoDSF™ grade ca-
pillaries, the capillaries were sealed and the thermal unfolding of the
proteins was studied by applying a temperature ramp of 1 °C/min from
20 to 100 °C with the Prometheus NT.48 (NanoTemper Technologies,
Munich, Germany) system that measures the intrinsic protein fluores-
cence intensity at 330 and 350 nm after excitation at 280 nm. At the
same time, the device detects aggregation/precipitation of the samples
by measuring the back-reflection intensity of a light beam that passes
twice through the capillary, this signal can be normalized to a value
called “Excess Scattering”. The apparent protein melting temperatures
(T,) were determined with the PR. ThermControl software V2.1
(NanoTemper Technologies, Munich, Germany) from the maximum of
the first derivatives of the thermal unfolding curves [57,58].

2.7. Circular Dichroism (CD) spectroscopy

Near-UV circular dichroic spectra of the mAb samples were mea-
sured at 25°C with a Jasco J-810 spectrometer (JASCO Deutschland
GmbH, Pfungstadt, Germany). Quartz cuvettes (Hellma GmbH,
Muellheim, Germany) with 10 mm wavelength path were used for the
measurements. All measurements were performed with 3 accumula-
tions and a speed of 20 nm/min. The spectrum of the respective buffer
was subtracted for each sample, Savitzky-Golay algorithm with 9
smoothing points was applied and the mean residue ellipticity (MRE) of
the protein at each wavelength was calculated as described elsewhere
[591.
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2.8. Fourier-transform Infrared Spectroscopy (FT-IR)

FT-IR spectra of the mAb samples were collected at 25 °C using a
Tensor 27 (Bruker Optik GmbH, Ettlingen, Germany) with a BioATR
(Attenuated Total Reflectance) cell™ II (Harrick) connected to a ther-
mostat (DC30-K20, Thermo Haake). 120 scans with a resolution of
4cm™! were taken to measure each spectrum. The raw data of each
sample was analysed with the Opus 7.5 (Bruker Optik GmbH) software
and shown as a vector-normalized second-derivative spectrum. The
data were smoothed using a Savitzky-Golay algorithm with 17
smoothing points [60].

2.9. Long-term stability studies

The mAb solutions with different formulation conditions were
sterile filtered with a 0.22 um cellulose acetate filter and aseptically
filled into pre-sterilized DIN2R glass type I vials (MGlass AG, Germany).
Next, the vials were crimped with rubber chlorobutyl stoppers with
FluroTec® coating (West Pharmaceutical Services, USA) and stored at
4°C and 25 °C for the desired time. Three different vials were used for
the SEC analysis of each condition.

3. Results and discussion

3.1. The isothermal protein unfolding/refolding leads to a formulation-
dependent protein aggregation and monomer loss

Both antibodies used in this work show substantial aggregation after
microdialysis against 10 M urea (unfolding) and subsequently against
urea-free formulation buffer (refolding). The visual appearance of the
samples after refolding is dependent on the formulation conditions in
which the refolding is performed. For example, after the ReFOLD assay,
LMU-1 formulations with a concentration 10 g/L in 10 mM histidine
buffer with pH 6.5 remain transparent, while counterparts with 10 mM
citrate buffer show increased turbidity and form a pellet after cen-
trifugation. These observations confirm earlier reports that the ag-
gregate formation of antibodies after dilution/dialysis from a dena-
turant is formulation-dependent [40,50]. SEC-MALS analysis of the
supernatant of the refolded samples shows that the samples contain a
considerable amount of high molecular weight species ranging from
dimers to oligomers larger than 1000 kDa. (Fig. 1). The aggregates are
not reversible, and their relative area is the same even several days after
the dialysis (data not shown). A monomer peak having the same re-
tention time as the native protein is detected in the refolded samples.
The area of the monomer peak is largely dependent on the formulation
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buffer in which the ReFOLD assay is performed. Since the evaluation of
the exact size, concentration and type of aggregates formed is chal-
lenging in such a complex mixture, we decided to focus on the fraction
of the protein that remains monomeric after isothermal unfolding/re-
folding (i.e. the relative monomer yield - RMY) as a parameter pro-
viding a comparison between the formulations.

3.2. The relative monomer yield after isothermal protein unfolding/
refolding correlates with the relative amount of protein aggregates detected
after long-term storage

The relative monomer yield after the ReFOLD assay is highly de-
pendent on the formulation conditions of both LMU-1 (Tables 1 and S1)
and PPI0O3 (Table S2). The formulation conditions also have an influ-
ence on the relative area of high molecular weight (HMW) species, i.e.
protein aggregates, detected by SEC after storing the respective dena-
turant-free protein samples for 12 months at 4 °C and 25 °C (Tables 1, S1
and S2). LMU-1 samples contain more HMW species after long-term
storage compared to PPIO3. Both proteins form fewer HMW species
when stored at 4 °C compared to storage at 25°C. We also used flow
microscopy to study the presence of subvisible particles in the samples
after 12 months of storage at 4°C and 25 °C (Fig. S2). Calculations on
the monomer recovery from the size-exclusion chromatography method
used for the stability study are also included in supplementary data
(Tables S3 and S4). A very strong correlation between the relative
monomer yield from the ReFOLD assay and the relative area of high
molecular weight species detected after 12 months of storage is ob-
served in the case of LMU-1 (Fig. 2). Interestingly, the first and second
apparent melting temperatures of LMU-1 measured nanoDSF™ show
reversed correlations with the relative area of HMW species detected
after storage, therefore providing misleading predictions for the long-
term physical stability of these samples (Figs. S3 and S4). The ag-
gregation onset temperatures of LMU-1 show only a moderate to weak
correlation with the amount of aggregates formed after storage for
12 months (Fig. S5). In the case of PPI03 the Spearman's R between the
RMY from the ReFOLD assay and the aggregates formed after storage at
4°C and 25°C is —0.762 and —0.686 respectively, showing a strong
correlation between these parameters (Fig. S6). Like the case of LMU-1,
the melting temperatures of the PPI0O3 samples show an inverse corre-
lation with the aggregates formed after storage, therefore providing
wrong predictions for these formulations (Figs. S7 and S8). The ag-
gregation onset temperatures of the PPI03 samples show a very weak
correlation with the amount of high molecular species formed after
long-term storage at 4 °C and 25 °C (Fig. S9). In general, PPIO3 exhibits
a very low aggregation propensity and small differences between the
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Fig. 1. SEC-MALS of native and refolded samples of LMU-1 and PPI03.
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aggregates, detected by size exclusion chromatography after 12 months of storage at 25 °C (left) and at 4 °C (right). The value of each replicate is shown on the graph.
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this figure legend, the reader is referred to the web version of this article.)

formulations during long-term storage. The latter observations can
contribute to the lower correlation between the RMY and the ag-
gregates formed after 12 months of storage in comparison to LMU-1.
Almost all LMU-1 and PPIO3 formulations contain less than 10 000
particles = 2 um per mL after 12 months of storage at 25°C and 4°C
(Fig. S2). One exception is the LMU-1 formulation with protein con-
centration 50 g/L formulated in 10 mM histidine pH 6.5 which contains
around 150 000 particles = 2 um per mL. Interestingly, this is also the
formulation with the lowest relative monomer yield after the ReFOLD
assay (Table 1). There, are small differences, i.e. + 5%, in the
monomer recovery of the antibodies at the end of the stability study.
The samples with high RMY from the ReFOLD assay show 100%
( = 1%) monomer recovery after 12-month storage at 4°C and 25°C
(Tables S3 and S4).

It is important to underline that the RMY-based predictions from the
ReFOLD assay provide reliable ranking of the formulations in order of
their effect on the relative area of protein HMWs formed after
12 months of storage at 4°C and 25 °C, while often-used stability-in-
dicating parameters (i.e. apparent protein melting temperatures from
nanoDSF™ and the aggregation onset temperatures from dynamic light
scattering) provided misleading or weak predictions.

3.3. Urea causes partially unfolded species, reduces the melting
temperatures and suppresses the aggregation of LMU-1 and PPI0O3

To study whether the proteins in this work form partially folded
states in urea, we performed isothermal chemical denaturation ex-
periments on all 24 LMU-1 and PPIO3 formulations. The isothermal
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unfolding curves of LMU-1 (Fig. 3) and PPI0O3 (Fig. S10) are dependent
on the formulation conditions (i.e. pH, buffer type, sodium chloride
concentration). However, in all conditions tested the intrinsic protein
fluorescence ratio reached the same value at urea concentration of
9.5M (around 1.3 in the case of LMU-1 and around 1.2 in the case of
PPI03). This indicates that the unfolding was complete at this con-
centration of urea. The latter was also later confirmed by the loss of the
typical peaks in the near-UV CD spectra related to the protein tertiary
structure (see below). Our aim by performing the isothermal chemical
denaturation experiments was not to fit the data and extract thermo-
dynamic parameters from it. OQur purpose was to show that different
concentrations of urea cause different states of the unfolding of the
protein in the formulations tested.

Further, we studied how urea affects the melting temperatures and
the aggregation behaviour of the protein with nanoDSF™. Moderate
urea concentrations (up to 4.5 M) shift the apparent melting tempera-
tures of both proteins to a lower temperature, while higher urea con-
centrations (6-7.5M) cause partial protein unfolding at room tem-
perature (Figs. 4 and S11). A similar effect of urea on the melting
temperatures of a mAb was reported from differential scanning calori-
metry experiments [61]. No unfolding upon heating is detected in 9.5 M
urea, indicating that the proteins are already unfolded at 20 °C in this
urea concentration (Figs. 4 and S11). This is in a good agreement with
the ICD (Figs. 4 and S10) and the near-UV circular dichroism data (see
below). The latter observations are consistent among all 24 formula-
tions in this work (data not shown). These results confirm our hy-
pothesis that different urea concentrations (which the protein will in-
evitably experience during the ReFOLD assay) cause various partially
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Fig. 6. FT-IR second derivative spectra of native and refolded LMU-1 after the ReFOLD assay was performed with 10 mM histidine pH 5 (A), 10 mM histidine pH 6.5
(B), 10 mM citrate pH 5 (C) and 10 mM citrate pH 5.75. The CD spectra of the refolded samples represent the mixture of protein aggregates and monomer after

refolding without any prior fractionation.

folded protein species in all formulations tested here.

Additionally, we observed that an increasing concentration of urea
suppresses the aggregation of the mAbs even at high temperatures
(Figs. 4 and S11). Similar observations were reported earlier for another
antibody [61]. No protein aggregation was detected with the Pro-
metheus NT.48 during the temperature ramp when the protein was in
solutions with 5 to 9.5 M urea (Figs. 4 and S11), while rapid aggrega-
tion was observed around 70-80 °C in the urea-free LMU-1 and PPI03
formulations. We should note that the nature of the aggregate detection
with the Prometheus NT.48 allows us to see only aggregates with size
starting from about 40-50 nm. Therefore, we cannot conclude that the
aggregate formation is completely absent in the presence of urea.
However, aggregation growth is greatly inhibited. Furthermore, the
isothermal aggregation of the unfolded protein in presence of 9 M urea
was very slow at 25°C measured by the change in the apparent hy-
drodynamic radius of the samples with dynamic light scattering (Fig.
512).

Moderate isothermal aggregation of partially unfolded mAbs was
already reported in the presence of another denaturant - guanidine
hydrochloride [50,62]. This confirms that the aggregation of the pro-
teins unfolded in presence of urea is suppressed in comparison to ag-
gregation induced by high temperatures. Noteworthy, the moderate
aggregation in urea allows a large fraction of the (partially) unfolded
protein to remain monomeric and allows the observation of formula-
tion-dependent differences based on the relative monomer yield after
refolding.

3.4. The samples after isothermal unfolding/refolding have native-like near-
UV circular dichroic spectra and increased intermolecular beta sheet content

The near-UV CD spectra of both proteins show typical spectra
arising from the signals of the tryptophan, tyrosine, phenylalanine and
disulphide bonds having a certain environment in the tertiary protein
structure (Fig. 5 and Fig. S13) [63-65]. The formulation conditions (i.e.
pH, buffer type and sodium chloride concentration) of the native
samples do not affect the characteristics of the spectra — positive peak
around 295 nm and several negative peaks between 280 and 250 nm.
The near-UV CD spectra of LMU-1 and PPIO3 samples incubated in
9.5M urea do not contain most of the features of the native samples
(Figs. 5 and S13). Interestingly, the proteins in the supernatant of the
refolded samples from the ReFOLD assay have the typical components
of the near-UV CD spectra of the native monomers (Figs. 5 and S13).
Hawe et al. reported that the near-UV CD spectra of a heat or freeze-
stressed mAbs resemble the native protein [66]. Another group showed
that the near-UV spectra of thermally-induced mAb oligomers resemble
the spectra of the native protein [67]. Additionally, the near-UV spectra
of a mAD exhibited the same changes during thermal unfolding like the
changes we observed during urea-induced isothermal unfolding [68].

Further, we used FTIR to investigate the secondary protein structure
of the native and refolded protein. A minimum around 1638 cm ™! is
observed in the Amide I region of the second-derivative FTIR spectra of
native LMU-1 samples (Fig. 6). This is typical for a native beta-sheet
secondary structure and is already reported for monoclonal antibodies
[69-71]. The refolded LMU-1 samples show a minimum in the Amide I
band which is shifted to 1630 cm ™. The latter is typical when inter-
molecular beta-sheets are formed [69-71]. The above-mentioned ob-
servations were consistent among various formulation conditions we
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tested in this work. The intermolecular beta-sheets are an often-re-
ported secondary structure of non-native protein aggregates [72-74].

4. Conclusions

This work presents a novel perspective on how to quickly select
formulation conditions that will suppress the formation of protein ag-
gregates during long-term storage at 4 °C and 25 °C. The proposed ap-
proach is based on the hypothesis that formulation conditions which
suppress the isothermal aggregation of various partially folded species
would be formulation conditions that suppress protein aggregation
during long-term storage. An isothermal microdialysis-based un-
folding/refolding assay, named ReFOLD, is presented and used to assess
the relative monomer yield after isothermal unfolding/refolding with
10 M urea of two mAbs, each in 12 different formulation conditions.
The relative monomer yield of the proteins in different formulation
conditions from the ReFOLD assay shows a very strong to strong cor-
relation with the amount of aggregates formed by the proteins after
storage for 12months at 4°C and 25°C. Other stability-indicating
parameters like the apparent protein melting temperatures and ag-
gregation onset temperatures show inverse or weak correlations with
the amount of aggregates formed after storage. The refolded protein
samples have a native-like near-UV circular dichroic spectra and a peak
position in the Amide I band which is typical for aggregated beta-
sheets.

The concept of the ReFOLD assay presented herein opens several
directions for future work. First, the ReFOLD assay must be tested with
more proteins and on a larger set of formulation conditions to study
whether the technique can be used as a universal tool for formulation
development. Second, it will be interesting to study in detail the effect
of various excipients, i.e. sugars, polyols, amino acids, surfactants, on
the relative monomer yield of different proteins and investigate whe-
ther excipients that inhibit the aggregation of partially folded species
are the excipients that stabilize the proteins during long-term storage.
Third, the aggregates and monomers formed after unfolding and re-
folding in urea can be fractionated and their morphology and structure
can be studied more in detail. It would be interesting to see whether the
aggregates formed during long-term storage exhibit the same char-
acteristics with the aggregates formed after refolding. Finally, the de-
velopment of dedicated devices for fully automated and controlled
microdialysis with online detection of aggregation and protein un-
folding will pave the way for a more comprehensive understanding of
the concept behind the ReFOLD assay.
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