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A B S T R A C T

Mitigating protein aggregation remains a challenge in the development of biopharmaceuticals, and agitation is 
well known as a stress that can induce protein aggregation. However, the temperature dependence of agitation- 
induced aggregation is not well understood. In this study, the aggregation of an Fc-fusion protein under agitation 
stress was investigated at 5, 25, and 40 ◦C. Soluble and insoluble aggregates were quantified by size-exclusion 
liquid chromatography and flow imaging microscopy, respectively. Both the aggregation level and the aggre
gate clusters were temperature dependent. The threshold for the orbital shaking that induced protein aggregation 
was temperature independent. Although thermal stress at 40 ◦C increased the number of oligomers, it did not 
lead to a higher monomer loss in a subsequent agitation at 25 ◦C. The aggregation induced by agitation stress was 
suppressed by adding a surfactant or removing the vial headspace, indicating that the aggregation occurred via 
an interface-mediated pathway. Thus, the observed temperature dependence was attributed to the protein 
adsorption to the interface and the following interfacial unfolding and aggregation was affected by the tem
perature. The results emphasized the importance of temperature control during shipping to ensure the quality of 
drug products. Agitation stability studies at a controlled temperature also provide a deep understanding of the 
protein aggregation mechanism, which is important for formulation development.

1. Introduction

Therapeutic proteins, including monoclonal antibodies and Fc-fusion 
proteins, have been developed rapidly in recent decades because of their 
successful use in treating various human diseases (Grilo and Mantalaris, 
2019; Walsh, 2018). Fc-fusion proteins consist of an immunoglobin Fc 
domain that is directly linked to a proteinaceous molecule of interest, 
such as a ligand or antigen, to expand the practicability of using the 
antibody (Czajkowsky et al., 2012). The structures of Fc-fusion proteins 
are easily disturbed, which can result in aggregation (Strand et al., 
2013), leading to side effects in therapeutic proteins (Sperinde et al., 
2020). Accordingly, therapeutic proteins, including Fc-fusion proteins, 
are often more sensitive to both internal and external stresses compared 
with small-molecule drugs. Because Fc-fusion proteins generally exhibit 
a lower conformational stability than monoclonal antibodies (Fast et al., 

2009), Fc-fusion proteins may be more susceptible to stress-induced 
degradation.

Protein aggregation is a physical degradation process inherent to 
proteins, which can be induced by various stresses to which therapeutic 
proteins may be exposed prior to administration. During aggregation, 
monomeric proteins associate to form larger aggregates, ranging in size 
from nanometers to micrometers, or even aggregates large enough to be 
visible (Amin et al., 2014; Carpenter et al., 2009; Roberts et al., 2011). 
These aggregates can trigger immunogenic responses and studies have 
suggested that the risk of immunogenicity depends on the size of the 
aggregates, although the particle size that induces the most immuno
genicity is also protein dependent (Fathallah et al., 2015; Freitag et al., 
2015; Kijanka et al., 2018; Krayukhina et al., 2019; Moussa et al., 2016; 
Rosenberg, 2006; Telikepalli et al., 2015). Previous studies have indi
cated that, in addition to insoluble aggregates, the formation of soluble 
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aggregates should be carefully controlled to avoid possible immunoge
nicity (Fathallah et al., 2015; Freitag et al., 2015; Kijanka et al., 2018). 
Therefore, it is essential to evaluate and understand the mechanisms 
behind the formation of the whole range of aggregates to minimize the 
formation and reduce unexpected risks associated with such 
aggregation.

Agitation stress is a common stress factor that can trigger protein 
aggregation. Proteins are frequently exposed to agitation stress during 
manufacture and transportation. We have recently reported that protein 
aggregation can be accelerated even by a weak vibration from the 
compressor of a refrigerator (Kizuki et al., 2025). Previous studies have 
shown that protein aggregation by agitation stress occurred via an 
interface-mediated pathway (Ghazvini et al., 2016; Grigolato and Aro
sio, 2020; Yoneda et al., 2021). Proteins tend to adsorb to interfaces 
because of their amphiphilic nature and undergo structural changes, 
making proteins prone to aggregation (Das et al., 2020; Li et al., 2019; 
Sreenivasan et al., 2021b; Toprakcioglu et al., 2022). The air-liquid 
interface is a key factor in the formation of protein aggregates via 
interface-mediated pathways (Kizuki et al., 2023). Several studies have 
shown that periodic changes in the surface area of the air-liquid inter
face, also referred to as compression and dilatation, played a critical role 
in aggregation via the air-liquid interface (Bee et al., 2012; Kiese et al., 
2008; Koepf et al., 2018). Practically, removing or reducing the 
air-liquid interface by fully filling containers, or adding surfactants that 
prevent proteins from reaching the interface, can considerably suppress 
the formation of aggregates (Kiese et al., 2008; Kizuki et al., 2023; Li 
et al., 2019; Torisu et al., 2017).

Interfacial-induced aggregation has been reported to be temperature 
dependent; however, the mechanism of the combined effect of agitation 
and thermal stress on protein aggregation remains elusive. Wood et al. 
have shown that aggregate formation under interfacial stress was tem
perature dependent by periodically rotating vials horizontally and 
vertically. This temperature dependence was attributed to the coexis
tence of both bulk solution and interface-mediated aggregation path
ways (Wood et al., 2020). Griffin et al. have also reported that such 
temperature dependence was observed in the aggregates generated 
under periodical interfacial compression and dilatation stresses pro
vided by a Langmuir trough, but found that thermal stress enhanced the 
surface activity of the proteins (Griffin et al., 2022). We have recently 
reported that there was a threshold for the agitation conditions required 
to generate insoluble aggregates using a tri-axial vibrator, which causes 
harsher agitation compared with the shaker that is usually used for 
shaking stress studies (Kizuki et al., 2023). However, the threshold for 
the agitation conditions that cause aggregation using a shaker and the 
temperature dependence of the aggregation have not yet been investi
gated. Understanding the temperature dependence of agitation-induced 
aggregation is important to ensure the quality and safety of bio
pharmaceuticals prior to administration. During transportation, failure 
to control the temperature could expose biopharmaceuticals to com
bined thermal and agitation stress. In addition, during the handling 
process, even though liquid formulations of biopharmaceuticals are 
stored at 2–8 ◦C, restoration to ambient temperature is needed before 
compounding and administration, which is accompanied by manual 
handling during which thermal stress may also combine with agitation 
stress to contribute to protein aggregation (Cappelletto et al., 2024). In 
addition, consideration of the temperature dependence is important in 
the design of appropriate stress stability studies of agitation stress con
ducted during biopharmaceutical development.

The present study aimed to quantitatively analyze the interplay be
tween thermal and agitation stresses on protein aggregation. We sought 
to elucidate whether these two stresses act independently, synergisti
cally, or antagonistically, and to identify the temperature-dependent 
and -independent characteristics of agitation-induced aggregation. A 
fusion protein composed of a recombinant immunoglobulin G (IgG) Fc 
domain and the soluble part of the T-cell receptor (CTLA4-Ig) was placed 
in vials and exposed to both thermal and agitation stresses 

simultaneously. Protein aggregates were analyzed using size-exclusion 
high-performance liquid chromatography (SE-HPLC) and flow imaging 
microscopy (FIM). In addition, the mechanism by which thermal stress 
accelerates particle formation is discussed, and the importance of tem
perature control in protein stability assessments is clarified.

2. Materials & methods

2.1. Materials

Butyl rubber stoppers and 2 mL borosilicate glass vials (16 × 33 mm) 
were purchased from Daiwa Special Glass Co., Ltd. (Osaka, Japan). 
Poloxamer 188 (Kolliphor® P 188 Bio) was a gift from BASF Japan 
(Tokyo, Japan). Unless otherwise specified, all other reagents were 
purchased from FUJIFILM Wako Pure Chemical Corporation (Osaka, 
Japan).

CTLA4-Ig was used as a model protein therapeutic that is sensitive to 
agitation stress (Kizuki et al., 2023). CTLA4-Ig was purchased from Ono 
Pharmaceutical Co., Ltd. (Osaka, Japan). To remove the surfactant in the 
commercial formulation, CTLA4-Ig was diluted with 10 mM sodium 
phosphate buffer (pH 7.0) and loaded onto a Q HP column (Cytiva, 
Buckinghamshire, UK) connected to an AKTA prime plus system 
(Cytiva). The protein was then eluted with 100 mM sodium phosphate 
buffer (pH 7.0) containing 400 mM NaCl. The eluted CTLA4-Ig solutions 
were further dialyzed against 10 mM sodium phosphate buffer (pH 6.0) 
using Slide-A-Lyzer G2 dialysis cassettes (10 K MWCO) (Thermo Fisher 
Scientific, Waltham, MA, USA). Dialyzed protein solutions were diluted 
to 1.0 mg/mL in the phosphate buffer and filtered through 0.22 µm 
polyethersulfone filters before experiments. Samples containing 0.8 % 
P188 were prepared by mixing the dialyzed protein solution with a 
phosphate buffer containing 1.6 % P188 in a 1:1 ratio, followed by 
concentration adjustment using a phosphate buffer with 0.8 % P188. A 
total of 1.5 mL of protein solution was filled into vials, which were 
washed three times with ultrapure (18.2 MΩ filtered) water and auto
claved prior to use, in a biological safety cabinet to ensure the absence of 
contamination.

2.2. Combination of thermal and agitation stress

The vials filled with CTLA4-Ig were placed horizontally on a BC-740 
orbital shaker (BIO–CRAFT, Tokyo, Japan) to allow the solution to 
contact the rubber stopper and maximize the air-liquid interface in the 
vial, simulating the worst-case scenario of degradation caused by 
agitation stress (Kiese et al., 2008; Sreenivasan et al., 2021a; Wiesbauer 
et al., 2013). The shaker was used in an LHU-113 incubator (ESPEC 
Corp., Osaka, Japan) to subject the vials to agitation stress at the desired 
temperature. Vials placed on the shelf of the incubator horizontally were 
prepared as controls without agitation stress. The vials on the orbital 
shaker were subjected to 100 or 200 rpm agitation for up to 72 h, at 
temperatures of 5, 25, and 40 ◦C. Samples were taken at 0, 24, 48, and 
72 h (and also at 0, 3, and 6 h for samples at 40 ◦C because of the high 
monomer loss over the first 24 h) after the start of agitation. Three vials 
were randomly selected from each group at each time point, and the 
contents of these three vials were mixed prior to analysis to obtain 
sufficient sample volume.

2.3. SE-HPLC

SE-HPLC was performed to quantify the amount of monomers and 
soluble aggregates in the samples. Samples were centrifuged at 15,000 
rpm at 5 ◦C for 30 min using an Allegra X-30R centrifuge (Beckman 
Coulter, Pasadena, CA, USA) to avoid column clogging by insoluble 
aggregates. The supernatants were injected into an Acquity UPLC system 
(Waters, Milford, MA, USA) equipped with a TSKgel UP-SW3000 or 
TSKgel UP-SW3000LS column (4.6 × 150 mm; TOSOH, Tokyo, Japan) at 
room temperature. The sample injection volume was set to 20 µL. 
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Isocratic elution was performed for 11 min with a flow rate of 0.25 mL/ 
min using 133 mM phosphate buffer containing 200 mM potassium 
chloride. UV absorbance at 280 nm was monitored for detection. Data 
were analyzed using Empower 3 Software (Waters). The percentages of 
the monomer and soluble protein (composed of monomer and oligomers 
eluted before the monomer) after stress tests in the total amount of 
protein were calculated by dividing the area of each peak by the areas at 
the initial time point.

2.4. FIM

A FlowCam 8100 (YOKOGAWA Fluid Imaging Technologies, Scar
borough, ME, USA) equipped with an 80 µm flow cell and a 10 ×
magnification lens was used to quantify the number concentration of 
subvisible particles larger than 2 µm (equivalent spherical diameter). A 
sample volume of 150 µL was analyzed at a flow rate of 0.05 mL/min for 
each measurement, with three measurements conducted for each con
dition. Data analysis was performed using VisualSpreadsheet software 
(YOKOGAWA Fluid Imaging Technologies). The particle identification 
settings were set to a 1 µm distance to the nearest neighbor, and the 
“close holes” parameter was set to 0. A particle segmentation threshold 
of 15.00 was applied for both dark and light pixels. Equivalent spherical 
diameter was used when evaluating the size of particles. Morphology 
was evaluated by both circularity and intensity (the relative brightness 
of each particle image).

2.5. Dynamic light scattering (DLS)

DLS measurements were conducted using a Zetasizer Ultra (Malvern 
Panalytical Ltd., Malvern, UK) to analyze submicron particles. The 
detection was performed using backscattering (174.4◦). Samples were 
equilibrated at 25 ◦C for 120 s in quartz cuvettes with an optical path 
length of 3 × 3 mm (Ultra-Micro cells, Hellma Analytics, Müllheim, 
Germany). For each sample, three consecutive measurements were 
taken. All other instrument settings were maintained at the default 
values recommended by the ZX Xplorer software (version 1.3.0.140).

2.6. Size exclusion chromatography with multi-angle laser light scattering 
(SEC-MALS)

SEC-MALS was performed to quantify the mass of aggregate clusters. 
The samples were injected into an Arc HPLC system (Waters Corpora
tion) equipped with a XBridge Premier Protein SEC Column (250 Å, 2.5 
µm, 7.8 × 300 mm; Waters) at room temperature equipped sequentially 
with a DAWNTM MALS detector (Wyatt Technology, LLC) and OptilabTM 

refractive index (RI) detector (Wyatt). The sample injection volume was 
set to 25 µL. Isocratic elution was performed for 30 min with a flow rate 
of 0.5 mL/min using 133 mM phosphate buffer containing 200 mM 
potassium chloride. The MALS detector employed a laser source at 658 
nm and 18 detectors at angles evenly positioned between 22.5◦ and 147◦

RI detection was at 660 nm. Output signals from the MALS and RI de
tectors were imported into ASTRATM software (Wyatt) for data 
processing.

2.7. Evaluation of synergistic effects

The synergistic effect of agitation and thermal stresses was evaluated 
using the synergistic effect and observed effect index equation [Eq. (1)] 
(González and Nazareno, 2011; Scomoroscenco et al., 2022; Yanwi
nitchai et al., 2024): 

SE =
%OE
%TE

(1) 

where SE = synergistic effect, %OE = percentage of the observed effect 
of combined thermal and agitation stresses (experimental data), and % 

TE = percentage of theoretical effect of combined thermal and agitation 
stresses [Eq.(2)]. The percentage of all sizes of protein aggregates based 
on the SE-HPLC data was used to calculate the observed effect under 
each type of stress.

The theoretical effect was calculated by summing the individual ef
fects: agitation at 5 ◦C and thermal stresses without agitation. The 
intersected effect was then subtracted from this sum, according to the 
following equation (Yanwinitchai et al., 2024). 

%TE = %OEThermal + %OEAgitation −
(%OEThermal)

(
%OEAgitation

)

100
(2) 

If the observed effect exceeds the theoretical effect, resulting in an SE 
greater than 1, a synergistic effect is deduced. An SE value of 1 indicates 
an additive effect, whereas SE <1 denotes an antagonistic effect. 
Because the %TE should be a non-zero real number, the SE is considered 
positive infinity when the %TE is zero but the %OE is non-zero.

2.8. Pre-incubation at 40 ◦C before agitation stress at 25 ◦C

Samples were placed horizontally in plates within the incubator at 5 
and 40 ◦C for 3 days without shaking. Immediately after the incubation, 
the samples were subjected to 200 rpm agitation stress for 72 h at 25 ◦C. 
Three vials were taken from each group at 0, 24, 48, and 72 h, and 
analyzed using SE-HPLC and FIM, as described above.

2.9. Far-UV circular dichroism (CD) spectroscopy

To evaluate the secondary structure of CTLA4-Ig monomer after the 
pre-incubation at 40 ◦C, the monomer was fractioned using a Promi
nence UFLC system (Shimadzu, Kyoto, Japan) equipped with a TSKgel 
UP-SW3000LS column (4.6 × 150 mm; TOSOH, Tokyo, Japan), followed 
by buffer exchange into the phosphate buffer. CD spectra were obtained 
using a J-1500 CD spectropolarimeter (Jasco, Tokyo, Japan) equipped 
with a PM-539 detector. CD spectra of the samples were collected at a 
path length of 1 mm in the far UV region (190–280 nm) with a step size 
of 0.5 nm at 25 ◦C. The spectrum of the blank (10 mM sodium phosphate 
buffer, pH 6) was subtracted from the sample spectra. The observed 
ellipticity (θobs) in millidegrees was converted to mean residue ellipticity 
(MRE) in deg cm2 dmol-1, which was calculated from the equation: 

MRE =
θ205 × ε205

10 × A205 × n 

where n is the number of amino acid residues (358 for CTLA4-Ig) and 
ε205 is the extinction coefficient at 205 nm. The extinction coefficient of 
CTLA4-Ig was calculated as 1338,540 M-1cm-1 from the protein 
sequence using the Protein Parameter Calculator (Anthis and Clore, 
2013). A205 is the absorbance at 205 nm measured using a J-1500 
spectropolarimeter.

2.10. Differential scanning calorimetry (DSC)

The structural stability of CTLA4-Ig was evaluated using a MicroCal 
PEAQ-DSC automated system (Malvern Panalytical Ltd., Worcestershire, 
UK). The thermograms were acquired with a scanning rate of 60 ◦C/h, 
from 20 to 95 ◦C. A low level of feedback was employed and the progress 
method was used for baseline correction. The dialysis buffer was used as 
a reference. All DSC thermograms were corrected by subtracting the 
thermogram of the respective buffers and were analyzed using a non- 
two-state model in MicroCal PEAQ-DSC software V1.51.

2.11. Surface tension measurements

Dynamic surface tension was measured by the pendant drop method 
using a Theta Flex instrument (Biolin Scientific, Gothenburg, Sweden). 
In the measurements, a 10 μL pendant drop was generated at a flow rate 
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of 2 μL/s, and the shape of the pendant drop was monitored for 300 s. 
The surface tension was simultaneously calculated from the Young–La
place equation every 10 s using OneAttension (ver.4.0.3).

2.12. Statistical analysis

The differences in particle levels between the initial time point and 
each subsequent time point were assessed using Dunnett’s multiple 
comparison test. All statistical analyses were conducted using Python 
3.9.6 with scipy and statsmodels packages for implementation of ho
mogeneity of variance test, ANOVA analysis, and Dunnett’s test.

3. Results and discussion

3.1. Protein aggregation under thermal stress

Prior to investigating the temperature dependence of CTLA4-Ig ag
gregation under agitation stress, the stability under thermal stress was 
evaluated. The stability of CTLA4-Ig at 5 and 25 ◦C, corresponding to 
storage in a refrigerator and at room temperature, respectively, were 
evaluated for up to 72 h. In addition, a stability study at 40 ◦C, a tem
perature slightly lower than the Tonset value of CTLA4-Ig based on the 
DSC results (Figure S1), was conducted. This temperature was selected 

to assess the effect of temperature on agitation-induced aggregation 
with minimal contribution of heat-induced structural change and ag
gregation in bulk solution.

The monomer % value of CTLA4-Ig did not obviously decrease at 5 
and 25 ◦C, whereas a rapid decrease in the monomer % was observed 
(Fig. 1a, b), and the peak derived from soluble oligomers was increased, 
at 40 ◦C (Fig. 1c). The total peak area was not decreased even at 40 ◦C for 
72 h, indicating that most of the monomers lost under 40 ◦C conditions 
were converted to soluble aggregates. FIM showed that insoluble ag
gregates were significantly increased (p < 0.05) at 40 ◦C (Fig. 1d); 
however, the particle concentration was <1000 particles/mL and in the 
same order of magnitude as that before heating. Thus, this result also 
suggested that thermal stress at 40 ◦C mainly generated soluble oligo
mers from the monomers, and the generation of insoluble aggregates 
was limited.

The addition of 0.8 % P188 slightly suppressed the decrease in the 
monomer % at 40 ◦C (Fig. 1a, c). The total peak area was not decreased 
and no significant increase in the content of insoluble aggregates was 
observed in the presence of P188 (Fig. 1b, d). Although surfactants can 
prevent both bulk- and interface-mediated aggregation, a more promi
nent preventive effect toward interface-mediated aggregation than to
ward aggregation in bulk solution has been reported for polysorbate 
surfactants (Arsiccio and Pisano, 2018; Li and Roberts, 2010). Although 

Fig. 1. Effect of thermal stress on the stability of 1.0 mg/mL CTLA4-Ig. (a) Monomer loss, (b) soluble protein loss, (c) corresponding SE-HPLC chromatograms, and 
(d) average particle count measured by FlowCAM at 5–40 ◦C, with and without P188.
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P188 has lower surface activity than polysorbates (Li et al., 2024), P188 
at 0.8 % is considered to exert a stabilizing effect against 
interface-mediated aggregation, comparable to that of polysorbates, by 
competitively occupying the interface (Bollenbach et al., 2022; Kizuki 
et al., 2023). Thus, the limited preventive effect of the surfactant on the 
aggregation induced by thermal stress inferred that thermal stress pre
dominantly induces aggregation by the bulk solution pathway.

3.2. Protein aggregation by agitation stress without thermal stress

The amounts of both soluble oligomers and insoluble aggregates 
were not increased at 5 ◦C, and therefore agitation stress at three 
different frequencies (0, 100, and 200 rpm) was applied for 72 h at 5 ◦C 
to examine the aggregation induced by agitation stress alone. The 
monomer % value was not decreased at 0 or 100 rpm, whereas an 
obvious decrease in the monomer % was observed, and peaks that eluted 
between 3.4 and 4.8 min appeared, when the vials were shaken at 200 
rpm (Fig. 2a). The total peak area was unchanged even by agitation at 
200 rpm (Fig. 2b). An increase in the number of insoluble aggregate 
particles was observed, although the particle concentration was <1000 
#/mL and in the same order of magnitude as that before agitation 
(Fig. 2d). Thus, as with the aggregation under thermal stress, most of the 
monomers lost by agitation at 200 rpm were likely to be converted to 

soluble aggregates.
Interestingly, the elution times of the soluble oligomers were 

different between the conditions of thermal and agitation stress, and the 
soluble oligomers generated by the agitation stress had a shorter 
retention time. Samples incubated at 5 ◦C with agitation and incubated 
at 40 ◦C without agitation were analyzed by SEC-MALS to characterize 
the soluble oligomers. The molar mass of the two oligomers generated 
by thermal stress without agitation were 183.2 kDa (± 0.149 %) and 
275.9 kDa (± 0.228 %), corresponding to a dimer and a trimer, 
respectively (Fig. 3a). In addition, minor components with molar masses 
of up to approximately 630 kDa (7-mers) were observed (Fig. 3a). 
Notably, under agitation stress at 5 ◦C, the peak eluting at approximately 
11.5 min (the longest retention time within the oligomer fraction) cor
responded to an oligomer with a molar mass of 198.4 kDa (± 0.238 %) 
and was considered a dimer (Fig. 3b), although the retention time was 
different to that of the dimer peak generated by thermal stress. This 
difference could be because the hydrodynamic radii of the dimers cor
responding to the two peaks were different and suggests that the ag
gregation mechanisms of thermal stress and agitation stress may also be 
different. Moreover, no clear peak for a trimer was observed under 
agitation stress at 5 ◦C, while molar masses corresponding to tetramers 
were detected. This finding further supports the notion that the aggre
gation mechanism of thermal generated oligomers differs from that of 

Fig. 2. Effect of agitation stress on the stability of 1.0 mg/mL CTLA4-Ig. (a) Monomer loss, (b) soluble protein loss, (c) corresponding SE-HPLC chromatograms, and 
(d) average particle count measured by FlowCAM under 0–200 rpm agitation, with and without P188.
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oligomers generated by agitation stress. For simplicity, the oligomers 
generated by agitation stress are referred to here as early-eluting olig
omers (EEO), whereas those generated by thermal stress are referred to 
as late-eluting oligomers (LEO).

In contrast to the aggregation under thermal stress at 40 ◦C, the 
decrease in monomer % value under agitation stress was totally pre
vented by the addition of P188 (Fig. 2a). The increase in insoluble 

aggregates was also suppressed by the addition of P188. The differences 
in the oligomer profiles in SE-HPLC and the preventive effect of P188 
suggested that thermal stress and agitation stress could have distinct 
mechanisms to cause protein aggregation, and the aggregation by 
agitation stress could be considered to occur via an interface-mediated 
pathway.

Fig. 3. SEC-MALS chromatogram of CTLA4-Ig under different stress conditions at 72 h. (a) At 40 ◦C without orbital shaking and (b) at 5 ◦C with 200 rpm 
orbital shaking.

Fig. 4. Effect of combined thermal and agitation stress on the stability of 1.0 mg/mL CTLA4-Ig. (a) Monomer loss, (b) soluble protein loss, (c) corresponding SE-HPLC 
chromatograms, and (d) average particle count measured by FlowCAM at 25 and 40 ◦C under 200 rpm agitation, with and without P188.
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3.3. Temperature dependence of protein aggregation under agitation stress

To evaluate the impact of thermal stress on the protein aggregation 
caused by agitation stress, CTLA4-Ig solutions were subjected to agita
tion at 200 rpm at 25 or 40 ◦C. The agitation stress at 25 or 40 ◦C 
decreased the monomer % value, and a more pronounced decrease was 
observed at 40 ◦C than at 25 ◦C (Fig. 4a, b). The total peak area was also 
decreased under these stresses, suggesting the generation of insoluble 
aggregates. This effect was supported by the results of FIM, which 
showed a significant increase of two to three orders of magnitude in the 
number of particles of insoluble aggregates at both temperatures 
(Fig. 4d). Micron-sized particles increased up to 48 h and then decreased 
between 48 and 72 h. A possible explanation for this decrease is the 
dissociation of micron-sized particles into submicron aggregates, which 
fall below the detection range of FIM. Consistent with this, DLS mea
surements (Figure S2) indicated a continuous increase in submicron 
aggregates up to 72 h. The size distributions of insoluble aggregates are 
shown in Figure S3, and the representative images and 2D scatter plots 
of circularity and intensity are shown in Figures S4 and S5, respectively. 
Although it is difficult to compare samples agitated at 25 and 40 ◦C with 
samples agitated at 5 ◦C because of the limited number of particles, 
insoluble aggregates that exhibited fibril-like morphologies were 
observed in the 25 and 40 ◦C samples. No clear differences in the size 
distributions or morphological features were observed between agita
tion at 25 and 40 ◦C, suggesting that the aggregation occurred through 
the same mechanism irrespective of temperature. Considering that an 
increase in insoluble aggregates was not observed under either thermal 
or agitation stress alone, these results inferred that there was a syner
gistic effect of the agitation stress at 25 or 40 ◦C on the generation of 
insoluble aggregates.

Although the loss of total soluble protein after agitation at 40 ◦C for 
72 h, as measured by SE-HPLC, was approximately four-fold higher than 
that at 25 ◦C, the number of insoluble aggregates generated under the 
same conditions was only approximately two-fold higher. This discrep
ancy is likely due to differences in the formation of submicron aggre
gates, which cannot be detected by SEC or FIM. DLS measurements 
(Figure S2) indicated that larger submicron aggregates were generated 
by agitation at 40 ◦C than at 25 ◦C.

The elution profile of soluble aggregates was also different between 
25 and 40 ◦C; soluble aggregate peaks were eluted over a wider range at 
40 ◦C (eluted between 3.4 and 5.1 min) than at 25 ◦C (eluted between 
3.4 and 4.8 min) (Fig. 4c). In other words, the elution profile of soluble 
aggregates at 25 ◦C looked similar to that under agitation alone (200 
rpm at 5 ◦C), whereas the elution profile of soluble aggregates at 40 ◦C 
appeared to include peaks from LEO generated at 40 ◦C without agita
tion (eluted at approximately 5 min) (Figure S6).

The addition of 0.8 % P188 effectively suppressed the reduced 
monomer % observed at 25 ◦C and partially suppressed that observed at 
40 ◦C (Fig. 4a). Fig. 4c shows that the content of LEO was increased at 40 
◦C even in the presence of P188, whereas the content of EEO was not. 
The total peak area, which equates to the amount of soluble protein, was 
unchanged when 0.8 % P188 was added (Fig. 4b). This result was 
consistent with the results of FIM (Fig. 4d), which showed no significant 
increase in insoluble aggregate levels from the initial time points. 
Therefore, in the presence of P188, monomer loss caused by the agita
tion stress at 40 ◦C lead only to the formation of LEO.

The prevention of the generation of insoluble aggregates and EEO by 
the addition of 0.8 % P188 inferred that these materials may be gener
ated via an interface-mediated pathway (Kiese et al., 2008; Kizuki et al., 
2023). This conclusion was corroborated by an experiment that showed 
that the generation of insoluble aggregates and EEO by the agitation 
stress at 40 ◦C could be prevented by eliminating the free air-liquid 
interface (Figure S7). These findings also suggested that LEO, which 
were insensitive to P188, could be generated in bulk solution (Li and 
Roberts, 2010).

3.4. Analysis of the synergistic effects of the temperature on agitation- 
induced aggregate clusters

The SE of thermal and agitation stresses on LEO, EEO, and insoluble 
aggregates was evaluated. The SE on LEO (Table 1) and EEO (Table 2) 
was different: a competitive effect (SE<1) was observed for LEO, and a 
synergistic effect (SE>1) was observed for EEO. According to the defi
nition of SE, the SE value for insoluble aggregates should be calculated 
as positive infinity because the content of insoluble aggregates was 
increased only under the agitation stress at 25 ◦C or 40 ◦C.

Regarding the LEO, the SE value of <1 indicated a competitive effect, 
which means that the agitation stress at 25 ◦C or 40 ◦C resulted in 
smaller amounts of LEO than the sum of the LEO under each stress 
individually. This result is likely because the LEO were generated in bulk 
solution at 40 ◦C; however, interface-mediated aggregation induced by 
agitation led to further aggregation of LEO at a faster rate than the 
generation in bulk solution.

A previous study has suggested that the aggregation via interfaces 
was temperature dependent (Wood et al., 2020). Interface-mediated 
aggregation occurs through the following steps: diffusion of proteins 
to the interface; adsorption of proteins; unfolding of proteins; film 
(aggregate) formation; and desorption and influx of the aggregate into 
the bulk solution (Bee et al., 2012; Koepf et al., 2018). Because the 
adsorption and conformation rearrangement steps have an activation 
energy barrier that can be overcome by thermal energy, a higher tem
perature results in greater surface activity of proteins (Griffin et al., 
2022). The acceleration of the interface-mediated aggregation caused by 
high temperatures is a possible explanation of the synergistic effect. 
However, another possibility is that the LEO are precursors of EEO and 
insoluble aggregates, and the acceleration of the generation of LEO by 
thermal stress results in a higher amount of EEO and insoluble 
aggregates.

3.5. Aggregation after pre-heating at 40 ◦C

To examine the contribution of LEO to the synergistic effect of 
thermal and agitation stresses, we prepared samples containing a higher 
amount of LEO by pre-heating the samples at 40 ◦C and then subjecting 
the samples to the agitation stress at 25 ◦C. The pre-incubation at 40 ◦C 
increased the amount of LEO by 27 %, whereas pre-incubation at 5 ◦C 
did not increase the amount of LEO. The total peak area was not changed 
by pre-incubation at 5 or 40 ◦C (Fig. 5a, b).

Agitation stress at 25 ◦C was applied to the samples containing 
different amounts of LEO (Fig. 5c, d). Under the agitation stress at 25 ◦C, 
the amount of EEO was increased and the total peak area was decreased 
(denoting the formation of insoluble aggregates) (Fig. 6a, d, e). By 
contrast, incubation at 25 ◦C without agitation stress did not increase the 
amount of EEO or decrease the total peak area (Fig. 5a, b). Thus, there 
was a combined effect of agitation and thermal stress at 25 ◦C. 
Regarding the peak area of the high LEO group, the monomer area was 
not obviously changed from 24 to 72 h, while the area representing LEO 
was decreased by approximately 14 % and that for EEO was increased by 
approximately 17 %, which are almost corresponding levels (Fig. 6b–d). 
This result indicated that LEO could be converted to EEO by the agita
tion stress at 25 ◦C, meaning that LEO are precursors of EEO. Because the 
generation of EEO and insoluble aggregates is likely to occur at the 
interface (Fig. 4c), both monomers and LEO have the opportunity to 
adsorb onto the interface to undergo further aggregation. However, 
because the area of adsorption sites on the interface is limited (Lu et al., 
2016), a higher ratio of LEO can competitively reduce the chance for 
monomers to adsorb on the interface. This competitive adsorption likely 
explains why the monomer loss was faster in samples containing less 
LEO.

Regarding insoluble aggregates, the number of particles captured by 
FIM increased up to 48 h, followed by a decrease between 48 and 72 h in 
the sample with a low amount of LEO. This decreasing trend could be 
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attributed to the dissociation of micron-sized particles into submicron 
aggregates as with the samples agitated at 200 rpm rotation frequency at 
both 25 and 40 ◦C (Fig. 4d). Comparing the results for the samples 

containing high and low amounts of LEO, the number of insoluble ag
gregates in the high LEO group was smaller than that in the low LEO 
group (Fig. 6e). In addition, the decrease in the monomer % and the total 

Table 1 
Accumulation of late-eluting oligomers (LEO) under thermal stress, and agitation stress with 200 rpm at 5, 25, and 40 ◦C, and the corresponding synergistic effect 
values.(n = 3).

Temperature ( ◦C) Time point (h) OEa
Thermal ( %) OEAgitation( %) OEThermal+Agitation ( %) TEb

Thermal+Agitation ( %) SEc

25 ◦C 24h 1.23 4.27 2.46 5.45 0.45
48h 1.38 7.67 4.47 8.94 0.50
72h 1.36 9.91 5.19 11.14 0.47

40 ◦C 24h 51.78 4.27 39.61 53.84 0.74
48h 60.30 7.67 31.32 63.34 0.49
72h 65.16 9.91 23.33 68.61 0.34

a OE = observed effect.
b TE = theoretical effect.
c SE= synergistic effect.

Table 2 
Accumulation of early-eluting oligomers (EEO) under thermal stress, and agitation stress with 200 rpm at 5, 25, and 40 ◦C, and the corresponding synergistic effect 
values. (n = 3).

Temperature ( ◦C) Time point (h) OEa
Thermal ( %) OEAgitation( %) OEThermal+Agitation ( %) TEb

Thermal+Agitation ( %) SEc

25 ◦C 24h 0.00 4.69 2.71 4.69 0.58
48h 0.00 5.11 9.44 5.11 1.85
72h 0.00 6.15 12.46 6.15 2.03

40 ◦C 24h 0.00 4.69 15.86 4.69 3.38
48h 0.00 5.11 32.78 5.11 6.42
72h 0.00 6.15 41.38 6.15 6.73

a OE = observed effect.
b TE = theoretical effect.
c SE = synergistic effect.

Fig. 5. Preparation of CTLA4-Ig containing a larger amount of LEO. The SE-HPLC chromatograms of CTLA4-Ig after 72-h pre-incubation at (a) 5 ◦C and (b) 40 ◦C 
followed by quiescent standing at 25 ◦C for another 72 h, and (c, d) after agitation at 200 rpm and 25 ◦C.
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peak area was smaller in the high LEO group.
The monomers were fractionated from the 40 ◦C pre-incubation 

sample and analyzed by CD spectroscopy. Although there were subtle 
differences in the spectra (Figure S8) compared with the 5 ◦C pre- 
incubation sample, these differences could be because of some slight 
amounts of LEO remaining after the fractionation (Figure S9). The 

results indicated that the monomer structure did not undergo clear 
conformational changes upon pre-incubation at 40 ◦C. Taken together, 
these results suggest that neither the increased amount of LEO nor a 
conformational change of the monomer can explain the synergistic in
crease of insoluble aggregates.

The surface tension with the high LEO group decreased more slowly 

Fig. 6. Stability of CTLA4-Ig after 72 h at 25 ◦C and 200 rpm agitation after pre-incubation at 5 and 40 ◦C. (a) Total area of the SE-HPLC chromatogram and relative 
amounts of (b) monomer, (c) late-eluting oligomers (LEO), and (d) early-eluting oligomers (EEO) as percentages of the total protein. (e) Amount of insoluble ag
gregates measured by FlowCAM after 200 rpm agitation stability testing at 25 ◦C. (f) Surface tension of CTLA4-Ig solutions after pre-incubation.
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than with the low LEO group (Fig. 6f), suggesting slower protein 
adsorption to the air-liquid interface occurred for samples having a 
higher ratio of LEO to monomers. Aggregates show slower surface 
adsorption compared with the monomer because the larger hydrody
namic size results in a slower diffusion rate (Hua et al., 2021). Given that 
EEO and insoluble aggregates were generated via an interface-mediated 
route, the increase in LEO, which have a slower adsorption rate, might 
be unfavorable to increase the amounts of EEO and insoluble aggregates. 
Nevertheless, a synergistic effect on the generation of EEO and insoluble 
aggregates was observed. Therefore, acceleration of the formation of 
LEO could not be the cause of the synergistic effect.

3.6. Agitation threshold for aggregate formation

The influence of high temperatures on the threshold of the agitation 
conditions that caused an increase in EEO and insoluble aggregates was 
evaluated. Five different agitation frequencies (0, 100, 150, 180, and 
200 rpm) were applied at three temperatures (5, 25, and 40 ◦C) (Fig. 7). 
An increase or decrease of 2 % in the area % value was used as the 
criteria for observable changes, balancing the precision of SEC mea
surements with the interference of minor fluctuations.

The threshold of the aggregation frequency that induced aggregation 
was determined primarily based on the decrease in the monomer % 
value. At 5 and 25 ◦C, a clear decrease in the monomer content was 
observed at agitation frequencies of 180 and 200 rpm (Fig. 7a), sug
gesting the rotation frequency threshold was between 150 and 180 rpm. 
Because the decrease in the monomer % at 40 ◦C also resulted from the 
generation of LEO, the threshold was determined to be between 150 and 
180 rpm based on the increase in EEO and insoluble aggregates (Fig. 7b, 
c). Thus, the threshold of the agitation frequency that induced aggre
gation may be independent of the temperature. In the present study, the 
threshold was defined as the boundary between conditions where the 
aggregates increased and conditions where the aggregates did not in
crease, irrespective of aggregate clusters. Because agitation-induced 
aggregates were still observed even at 5 ◦C, no temperature threshold 
was considered to be present for CLTA4-Ig under the current conditions. 
However, elevated temperatures, especially temperatures above the 
Tonset, value, could induce structural changes leading to the formation of 
distinct aggregate clusters under agitation.

Although the temperature did not affect the threshold of the agita
tion frequency that induced aggregation, the aggregate clusters of EEO 
and insoluble aggregates were affected by the temperature. When the 
result at 180 rpm was compared with that at 200 rpm, the EEO % was 
larger when the insoluble aggregates % was smaller (Fig. 7b, c). More 
specifically, a higher rotation frequency resulted in a higher amount of 
insoluble aggregates and a lower amount of EEO. The size of aggregates 

induced by agitation can be determined by the kinetics of the adsorption 
to the air-liquid interface and subsequent unfolding and aggregation of 
the proteins at the interface. Higher temperatures can accelerate the 
adsorption by enhancing molecular kinetic energy, unfolding, and ag
gregation of proteins at the air-liquid interface. The rotation frequency 
also affects protein aggregation at the air-liquid interface (Johann et al., 
2022). Consequently, the aggregate clusters also depended on the tem
perature and rotation frequency. The threshold of the agitation fre
quency that increases aggregate formation may be related to the release 
of aggregates from the interface, which could be less affected by tem
perature than other factors (Schvartz et al., 2023). Although the present 
study provides valuable insights into the temperature-dependence of the 
agitation-induced aggregation of CTLA4-Ig, it should be noted that 
different proteins have different conformational and interfacial stability, 
and further studies are needed to investigate a wider range of proteins, 
such as IgG, to draw a more general conclusion.

3.7. Stability studies of agitation stress under controlled temperatures

Interfacial stress is widely recognized as a cause of protein aggre
gation. Our recent study showed the usefulness of including a shaking 
stress study in formulation development (Okada et al., 2025). A previous 
survey has shown that stress stability studies using a shaker are often 
conducted during the development of biopharmaceuticals, and that the 
temperature is not controlled in most of these shaking stress studies 
(Halley et al., 2020). Meng et al. have demonstrated that a combination 
of thermal and pH stress can offer a more holistic evaluation of aggre
gation propensity and may improve the efficiency of developability as
sessments (Meng et al., 2024). Below, the value of agitation stress at 25 
◦C or 40 ◦C in the development of biopharmaceuticals is discussed.

Temperature control during agitation stress testing is important to 
ensure reproducibility because the amounts and aggregate clusters are 
temperature dependent. In addition, when the stability under a certain 
condition is evaluated, the expected temperature should be used. For 
instance, the temperature should be set to the room temperature of the 
hospital when the agitation stresses during handling in the hospital are 
to be evaluated. When the impact of agitation during storage or trans
port at 5 ◦C is evaluated, the agitation stress studies should be conducted 
at 5 ◦C.

As shown in the present study, a combination stress study using a 
high temperature and agitation can provide information on the degra
dation caused by each stress (high temperature and agitation) simulta
neously, leading to more efficient development. These findings highlight 
the value of the agitation stress study at 40 ◦C to provide deep insights 
into aggregation caused by accidental exposure (e.g., during trans
portation) and in evaluating test parameters for monitoring product 

Fig. 7. Rotation frequency threshold for the formation of aggregates in 1.0 mg/mL CTLA4-Ig under different temperatures. (a) Monomer, (b) early-eluting oligomers 
(EEO), and (c) insoluble aggregates.
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stability. Therefore, a temperature of 40 ◦C is also a valuable condition 
for stability evaluation, although such conditions rarely occur in real- 
world situations (Sreenivasan et al., 2024). Strebl et al. have sug
gested that different proteins may exhibit different aggregation mech
anisms even under the same thermal conditions (Strebl et al., 2024), and 
thus investigating the stability of proteins other than CTLA4-Ig under 
agitation stress at 25 ◦C or 40 ◦C in future studies will provide critical 
information to design a sophisticated stability study approach.

In addition to high temperatures, freezing is another stress that can 
affect agitation-induced aggregation. Although the frozen state is 
generally effective in mitigating aggregation caused by agitation stress, 
pH shifts during freezing, particularly in phosphate buffers (Thorat 
et al., 2020), can lead to structural changes and thereby increase ag
gregation after thawing. The combined effect of freeze/thaw and 
agitation stresses will be investigated in our future work.

4. Conclusions

Protein aggregation is difficult to prevent completely, and thus the 
analysis and control of protein aggregates are required. Understanding 
the temperature dependence of agitation-induced aggregation is 
important, not only for preventing aggregation caused by the combi
nation of agitation and thermal stress that can occur during shipping, 
but also for designing better agitation stress studies. The present study 
elucidated the mechanistic interactions between combined thermal and 
agitation stresses in the formation of aggregates of CTLA4-Ig. The levels 
of EEO and insoluble aggregates formed by agitation stress were tem
perature dependent and were synergistically accelerated by thermal 
stress. In addition, the formation of aggregate clusters was temperature 
dependent. These results could be because high temperatures increase 
the surface activity and affect protein unfolding and aggregate forma
tion at the air-liquid interface. By contrast, the threshold of shaking 
conditions for the formation of EEO and insoluble aggregates was tem
perature independent, indicating that the release of aggregates from the 
air-liquid interface was less sensitive to temperature. These results 
clearly show the importance of controlling the temperature under situ
ations, such as in shipping, during which proteins are exposed to 
agitation and thermal stress at the same time. The temperature should 
also be controlled carefully during shaking stress studies to ensure 
reproducibility. Shaking stress studies at elevated temperatures can be 
used to either represent real-world stress conditions or function as a 
forced degradation method to contribute to formulation development.
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