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ABSTRACT

The formation of protein aggregates, which can be immunogenic and lower the efficacy and safety of protein
drugs, has been an issue in biopharmaceutical development for more than a decade. Although protein drugs are
often shipped as frozen material, the effect of the accidental dropping of frozen proteins, which can occur during
shipping and handling, on the physical stability has not been studied. Here, a frozen Fc fusion protein was
subjected to dropping stress and the increase in the aggregate concentration was evaluated. Significant increases
in micron-sized aggregates were observed at —30 °C (p < 0.01), but not at —-60 °C. Proteins adsorbed on the vial
surfaces were not remarkably detached by the action of dropping and were not the primary cause of the increase
in micron-sized aggregates. When the vials were dropped, local heat generation occurred and this led to local
freeze-thaw stress that induced protein aggregation. Poloxamer-188, which is known to mitigate aggregation
caused by freeze-thaw stress, effectively prevented the aggregation caused by the dropping stress in the frozen
state at -30 °C. In addition, rapid freezing could suppress the aggregation caused by the dropping stress. The
results demonstrated that dropping stress reduced the stability of proteins even in the frozen state, and they
provide new insights into the formulation and freezing processes to prevent protein aggregation caused by

dropping stress in the frozen state.

1. Introduction

Antibody drugs and antibody-related drugs, including Fc fusion
proteins, are being actively developed (Liu, 2015; Lu et al., 2020).
However, the inherent instability of therapeutic proteins, in particular
the aggregation tendency, remains a challenge in the development of
such proteins because the aggregates may cause immunogenicity (Pham
and Meng, 2020). Therefore, the protein sequences, formulations,
container closure systems, and storage conditions need to be optimized
during the development of biopharmaceuticals to reduce the amount of
protein aggregates and to mitigate the risk of adverse immune responses
(Kizuki et al., 2023).

A wide variety of stresses to which proteins are exposed from
manufacturing to administration can induce protein aggregation. Me-
chanical stresses, such as shaking and impacts caused by accidental
dropping, can occur during manufacturing, shipping, and administra-
tion, causing protein aggregation (Wang et al., 2010). Thus, the aggre-
gation induced by mechanical stress is recognized as a challenge in the
development and use of therapeutic proteins. A previous study that
investigated the mechanical stress caused by the dropping of vials of

proteins showed that when vials containing a protein solution were
dropped, cavitation occurred. Cavitation bubbles were generated, which
then collapsed over a short timeframe (Randolph et al., 2015). The
collapse of the bubbles induced local areas with very high temperatures
and formed hydroxyl radicals, resulting in protein aggregation
(Randolph et al., 2015). In addition, it has been demonstrated that
proteins that are adsorbed on the surface of cavitation bubbles form
aggregates as the bubbles collapse (Torisu et al., 2017).

Many pharmaceutical proteins are stored in a frozen state (Singh
et al., 2009) because freezing is an effective method to enhance the
chemical and physical stability of the protein solutions. Because the
mobility of molecules in the frozen state is considerably lower than that
in the liquid state, freezing can reduce the risk of mechanical stress
(Bluemel et al., 2021a). However, a freeze-concentrated matrix (FCM)
exists between the ice crystals of a frozen solution in which molecules
are still mobile at a temperature higher than the glass transition tem-
perature of the FCM (Tg) (Singh et al., 2011). Many studies have
demonstrated that protein instability occurs during frozen storage,
especially at temperatures higher than the Ty’ value, and several issues
have been identified, such as the crystallization of the cryoprotectant,
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pressure-induced destabilization, the formation of air bubbles, and
oxidation (Authelin et al., 2020). However, the effect of mechanical
stresses, such as those caused by dropping, on protein stability in the
frozen state has not been studied. Considering that frozen protein for-
mulations can be exposed to mechanical stress during manufacturing,
shipping, and administration, an investigation of the stability of proteins
during mechanical stress in the frozen state would be useful. Moreover,
recent studies have shown that mechanical stresses applied to lyophi-
lized products led to an increase in the amount of protein aggregates
after reconstitution (Fang et al., 2022; Jin et al., 2024), which also in-
dicates the importance of studying the stability of proteins under me-
chanical stress in the solid state.

In the present study, the aggregation of the therapeutic protein, T-
lymphocyte-associated antigen 4-Fc portion of human immunoglobulin
G1 fusion protein (CTLA4-Ig), under dropping stress in the frozen state
was investigated. CTLA4-Ig was frozen and dropping stress was applied
at different temperatures (-30 °C and —60 °C) and the generated protein
aggregates were evaluated. The effects of the cooling rate and the
addition of a surfactant on the aggregation were also investigated. We
also propose a possible mechanism for how the dropping stress induces
aggregation in the frozen state.

2. Materials and methods
2.1. Materials

Butyl rubber stoppers chemically coated with silicone and 2-mL
cycloolefin polymer (COP) vials were purchased from Daiwa Special
Glass Co., Ltd. (Osaka, Japan). Before use, the rubber stoppers and the
vials were washed three times with MilliQ water. Poloxamer 188 (Kol-
liphor® P 188 Bio; P188) was a gift from BASF Japan, Ltd. (Tokyo,
Japan). Coomassie brilliant blue (CBB) Stain One Super was purchased
from NACALAI TESQUE, Inc. (Kyoto, Japan). Unless otherwise specified,
all other reagents were purchased from FUJIFILM Wako Pure Chemical
Corporation (Osaka, Japan).

CTLAA4-Ig (abatacept) was purchased from Ono Pharmaceutical Co.,
Ltd. (Osaka, Japan). To remove P188 from the formulation, CTLA4-Ig
was loaded onto a Q Sepharose column (Cytiva, Marlborough, MA,
USA), followed by elution with 100 mM phosphate buffer (pH 7.0)
containing 400 mM NaCl. Finally, the protein solution was dialyzed
against 10 mM phosphate buffer (pH 7.0). The protein concentration
was then adjusted to 1.0 mg/mL by mixing with 10 mM phosphate
buffer and filtered through 0.22-um polyether sulfone (PES) filters.
Phosphate buffer containing 1.6 % (w/v) P188 was also prepared and
mixed with an equal volume of sample solution containing 2.0 mg/mL
CTLA4-Ig to obtain samples containing 0.8 % P188. Vials were filled
with 1 mL of the protein solutions, followed by capping and sealing with
rubber stoppers and aluminum seal caps.

2.2. Freezing and dropping of samples

A friability tester TFT-1200 (Toyama Sangyo Co., Ltd., Osaka Japan)
was modified for use at temperatures below 0 °C and coupled to an
incubator, TRE-100 (ESPEC Corp., Osaka, Japan) (Fig. S1). Samples
were added to COP vials and frozen at a cooling rate of —1.0 °C/min from
10°Cto-30°Cor-60 °C. After the temperature of incubator reached the
specified temperature, samples were incubated at the specified tem-
perature for 1 h Samples were also frozen at a slower cooling rate (-0.1
°C/min) and rapidly at a constant temperature of —-30 °C.

The temperature changes of the sample solutions were monitored
during freezing using a MEMORY HiLOGGER LR8431 temperature
logger (HIOKI, Nagano, Japan). Cooling rates were estimated from the
slope of the linear regression curve of the time-temperature data before
the start of ice nucleation (A in Fig. 1). The difference in temperature
between A and B in Fig. 1 was employed for the estimation of the degree
of supercooling.
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Fig. 1. Temperature change during freezing. A indicates the start of ice
nucleation. B indicates the start of ice crystal growth.

After the samples were frozen, the vials were dropped and incubated
at —-30 °C or -60 °C as shown in Table S1. The vials were put into the
friability tester and dropped at 50 rpm for 30, 60, and 90 min (1500,
3000, and 4500 droppings, respectively) at —30 °C or —60 °C. Samples
dropped for 30 and 60 min were stationarily incubated at —-30 °C or -60
°C for 60 and 30 min, respectively, so that all samples were exposed to
the low temperatures for 90 min. A frozen control (0 droppings) was
prepared by stationary incubation at —-30 °C or -60 °C for 90 min.
Samples were thawed at 25 °C for 30 min after the dropping.

2.3. Flow imaging microscopy of micron-sized aggregates

A FlowCam 8100 equipped with an 80 um flow cell and a 10 x
magnification lens (Yokogawa Fluid Imaging Technologies, Inc., Scar-
borough, ME, USA) was used to measure the concentration of aggregates
> 2 um in equivalent spherical diameter. The sample analysis volumes
were 0.15 mL and the flow rate was 0.05 mL/min. The distance to the
nearest neighbor and parameter of “close holes” were set at 1 um and 0,
respectively. Particle segmentation thresholds of 15.00 were used for
both dark and light pixels. Visual spreadsheet software (Yokogawa Fluid
Imaging Technologies) was used for data analysis, and the particles with
circularity (Hu) > 0.99 were considered as air bubbles and were not
counted. The average concentrations of three vials were reported.

2.4. Size exclusion chromatography (SEC)

After thawing, 10 uL of sample solutions was injected into an Acquity
ultra-performance liquid chromatography (UPLC) system (Waters, Mil-
ford, MA, USA) with a TSKgel UP-SW3000-LS column (4.6 x 150 mm;
TOSOH, Tokyo, Japan). Isocratic elution was performed at room tem-
perature at a flow rate of 0.25 mL/min with 10 mM phosphate buffer
with 200 mM potassium chloride. UV absorbance at 280 nm was
monitored for 12 min. The data were analyzed with Empower 3 Soft-
ware (Waters, Milford, MA, USA). The relative monomer% was calcu-
lated by dividing the monomer peak area at a given time point of
dropped samples with the peak area in samples not subjected to drop-
ping. The samples were injected in triplicate and the average of three
injections was calculated and reported.

2.5. Differentiation of particles from the vial surface from other particles

Experiments were conducted to investigate whether the aggregates
induced by dropping came from the vial surface. First, adsorption of
CTLAA4-Ig on the vial surface was induced by shaking the vials filled with
the protein solution for 24 h at 100 rpm using the reciprocal shaker NR-1
(TAITEC Corporation, Saitama, Japan) in the TRE-100 incubator set at 4
°C. Then, the solutions were removed, and 1.5 mL of CBB dye solution
filtered through 0.22 um PES membranes was added to the vials. Then,
the vials were shaken for 30 min at 100 rpm and 4 °C. The dye solutions
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were removed, and the vials were washed with MilliQ water seven
times.

The vials that had inner surfaces coated with dyed proteins were then
filled with 1 mL of non-dyed protein solution and put into the TRE-100
incubator. The samples were frozen by cooling at —1 °C/min to -30 °C,
incubated at —30 °C for 1 h, and dropped at -30 °C at 50 rpm for 30, 60,
and 90 min (1500, 3000, and 4500 dropping cycles, respectively). The
solutions were thawed and images of the generated particles were ob-
tained using a FlowCam 8100 with a color camera. The obtained images
were used as test data.

A support vector machine (SVM) was employed for the differentia-
tion of dyed particles, which were considered to be particles from the
vial surface, from non-dyed particles. Because SVM is a supervised
machine learning algorithm, training and validation of a classifier were
conducted. CTLA4-Ig samples with and without CBB dye were frozen
and dropped at 50 rpm for 60 min. After thawing, particle images were
obtained using a FlowCam 8100 with a color camera and used for the
training and validation. Images of 800 particles (400 dyed particles and
400 non-dyed particles) were used for the training of the classifier. A 2D
scattering plot was obtained by principal component analysis from four
color- or appearance-related parameters: ratio blue/green; ratio red/
blue; sigma intensity; and transparency. Then, SVM was applied to the
plot to set a decision boundary. After the decision boundary was vali-
dated using another 1600 particle images (800 dyed particles and 800
non-dyed particles), the trained classifier was applied for the analysis of
the test data. The number of particles classified in each class was
counted.

2.6. Statistical analysis

Data are expressed as the mean or mean + standard deviation. One-
sided Dunnett’s tests were used to evaluate the increase in particle
concentration after dropping compared with samples without dropping.
Welch’s t-test was used to evaluate the difference in cooling rates and
degrees of supercooling between different freezing conditions. A p-value
< 0.01 was considered statistically significant.

3. Results and discussion

3.1. Protein aggregation after dropping stress at-30 °C and —60 °C
CTLA-4-Ig solutions were frozen at a cooling rate of -1.0 °C/min and

exposed to dropping stress at —30 °C or —60 °C. As shown in Fig. 2, the

amounts of aggregates > 2 um in diameter were significantly increased
after dropping stress at -30 °C for 60 and 90 min (p < 0.01), whereas no

-30°C -60°C
(x10%)
161 1 p <0.01
=147 p<0.01
1S
5 12 I
£ 101
= n.s
N
3 67
©
£ 4
[0
o 2
0 l=== . : ; . .
CNTL 0 1500 3000 4500 0 1500 3000 4500
Number of droppings

Fig. 2. Concentrations of particles > 2 um after applying dropping stress at —-30
°C and -60 °C. CNTL is the unfrozen control. n.s.: not significant. Error bars
represent the standard deviation of three measurements.
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significant increase was observed after dropping stress at —-60 °C. Olig-
omers that could be measured by SEC were not increased by dropping
stress at —30 °C (Fig. 3). The particle concentrations of the unfrozen
control and samples without dropping stress were compared to evaluate
the stability of CTLA4-Ig under freeze-thaw stress. A significant increase
in the concentration of particles was observed after freeze-thaw stress (p
< 0.01), indicating that CTLA-4-Ig was unstable under these freeze-thaw
conditions. Thus, the generation of micron-sized aggregates could have
occurred under freeze-thaw stress alone and was increased further by
the dropping stress.

The increase in particles with sizes > 2 um caused by the dropping
stress was prevented by the addition of P188 (Fig. 4). The particle
concentration of the sample not subjected to dropping was comparable
to that of the unfrozen control when P188 was added. This result indi-
cated that P188 was effective in preventing the increase in micron-sized
particles observed under the freeze-thaw stress. The protective effect of
the non-ionic surfactant P188 has been shown to be a result of the sur-
factant inhibiting the denaturation of the protein on the ice crystals (Li
et al., 2023). Considering that P188 was effective in preventing both
freeze-thaw and dropping stress in the present study, the ice crystal
surface is likely to be involved in the increase in the particle concen-
trations observed with dropping stress.

The cooling rates and supercooling can affect the size and
morphology of ice crystals, and therefore the cooling rates and degrees
of supercooling were monitored using a temperature logger. The cooling
rates of the sample solutions were well matched with the set cooling rate
of the incubator and were —1.0 °C/min for both samples cooled to -30 °C
or -60 °C (Fig. 5). Before ice crystals started to form, supercooling
occurred for both samples. The degrees of supercooling of samples
cooled to -30 °C and -60 °C were comparable to each other: 7.1 + 4.6 °C
and 6.4 + 1.9 °C, respectively. Although the ice crystal size and
morphology were not directly measured, this result suggested that there
were not crucial differences in the ice crystal size and morphology be-
tween the two samples. Therefore, the difference in the increase in
micron-sized aggregates between —30 °C and-60 °C could be attributed
to the temperature during the dropping stress rather than to the cooling
conditions.

3.2. Effect of the cooling rate on the protein aggregation caused by
dropping stress in the frozen state

Protein aggregation caused by dropping stress was evaluated for
samples frozen at different cooling rates to evaluate whether the ice
crystal size and shape affected the aggregation. When CTLA4-Ig solu-
tions were put into the incubator at —30 °C, the cooling rate of the so-
lutions was —-8.2 + 2.4 °C/min. The observed cooling rate of solutions
frozen by cooling the incubator to —30 °C with the temperature change
set at 0.1 °C/min was —0.09 + 0.0 °C/min. The degree of supercooling
of slowly frozen samples was 8.6 £+ 1.3 °C, which was not significantly
different from that of samples cooled at —1.0 °C/min, whereas the degree
of supercooling of samples frozen at a constant temperature of —-30 °C
was relatively lower (1.6 + 0.9 °C) than that under the other two con-
ditions (Fig. 5).

No significant increase in the number of particles > 2 pm was
observed when the samples were frozen at either a slower (-0.09+ 0.0
°C/min) or faster (-8.2 + 2.4 °C/min) cooling rate, whereas the number
of particles > 2 um was increased when samples were cooled at -1.0 °C/
min (Fig. 6). This result suggested that ice crystal size and/or
morphology are important factors in protein aggregation caused by
dropping stress in the frozen state. For the slowly frozen sample, a sig-
nificant increase was observed in the number of particles > 5 ym (p <
0.01), while the increase in the number of particles > 2 um was statis-
tically non-significant. By contrast, the number of particles > 5 um was
not significantly increased when samples were frozen rapidly (Fig. 6).
Because the size of ice crystals becomes smaller as the cooling rate is
increased (Arsiccio and Pisano, 2018), the surface areas of the ice crystal
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Fig. 3. Representative SEC chromatogram (left) and monomer% (right) after applying dropping stress at —30 °C. The inset shows a zoomed view of part of the

chromatogram. Error bars represent the standard deviation of three measurements.
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Fig. 4. Concentrations of particles > 2 um after applying dropping stress to
samples containing 0.8 % P188 at —-30 °C. CNTL is the unfrozen control. n.s.: not
significant. Error bars represent the standard deviation of three measurements.

-0.1°C/min

Temperature (°C)
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interfaces of samples frozen rapidly would be the largest of all the
samples. A previous study has demonstrated that a larger surface area
resulted in a larger number of aggregates (Eckhardt et al., 1991); how-
ever, in the present study, the number of micron-sized particles in
samples frozen rapidly was not increased under the dropping stress.
Therefore, a larger ice crystal surface area does not necessarily result in
an increase in the number of protein aggregates induced by dropping
stress in the frozen state. Different cooling rates can result in different ice
crystal shapes. A previous report has shown that cooling rates of 0.5
°C/min and 1 °C/min generated highly branched ice dendrites, and
faster cooling rates generated long needle-shaped ice with less branches
(Hauptmann et al., 2019). The degree of supercooling is also an
important parameter to determine ice morphology (Searles et al., 2001).
Differences in ice morphology might result in the different aggregation
tendencies of the samples frozen at different cooling rates.

3.3. Contribution of the vial surface to the increase in the number of
aggregates in the frozen state

In addition to the ice crystal interfaces, the vial inner surface is
another interface that can be involved in the formation of micron-sized
aggregates (Yoneda et al., 2021). Proteins can be adsorbed on the vial
inner surface before and during freezing, and these adsorbed proteins
can be physically detached by the dropping stress and form aggregates.
To evaluate the contribution of the vial interfaces, CTLA4-Ig was loaded
onto the vial surface and dyed with CBB, then non-dyed CTLA4-Ig

Constant (-30°C)

] n=1
— n=2
— n=3

0 200 400 0

50 0 20

Time (min)

Fig. 5. Temperature changes during freezing under different freezing conditions. The measurements were repeated three times.
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Fig. 6. Concentrations of particles > 2 um (left) and > 5 um (right) after applying dropping stress to samples frozen at slower (-0.1 °C/min) and faster (-30 °C,
constant) cooling rates. n.s.: not significant. Error bars represent the standard deviation of three measurements.

solution was added to the vials coated with the dyed CTLA4-Ig. The vials
were cooled at —1.0 °C/min to —-30 °C and subjected to dropping stress
that had been observed to cause an increase in micron-sized particles.
After thawing, images of the aggregates were acquired using color
camera equipped flow imaging microscopy.

To differentiate non-dyed particles from dyed particles derived from
the vial surface, a classifier using a SVM algorithm was established. The
classifier was created using particle image data obtained by applying
mechanical stress to a CTLA4-Ig solution with or without CBB dye. The
validation of the classifier using test data indicated that the classifier had
high accuracy (95.8 %) (Fig. S2).

The established classifier was then applied to the particles obtained
by applying dropping stress to samples added to vials coated with dyed
CTLA4-Ig (Fig. 7). Interestingly, the number of non-dyed particles was
significantly increased (p < 0.01), whereas the number of dyed particles
did not show a significant increase. This result indicated that the vial
surface was not the main cause of the increase in the number of micron-
sized aggregates.
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Fig. 7. Concentrations of particles > 2 um after applying dropping stress to
samples frozen in vials coated with dyed CTLA4-Ig. Non-dyed and dyed parti-
cles were classified by a SVM-based classifier. n.s.: not significant. Error bars
represent the standard deviation of three measurements.

3.4. Possible root cause of the aggregation induced by dropping stress in
the frozen state

The experiment using CBB dye indicated that the vial surface was not
a major contributor to the aggregation, and therefore the aggregation
was likely to occur in the frozen material. During the freezing of solu-
tions, protein molecules experience several stresses that induce protein
aggregation, including pH shifts, freeze concentration, and exposure to
ice crystal interfaces (Li et al., 2021). In addition, changes in the heat
capacity between the native and denatured states of a protein could
result in cold denaturation. Because we used sodium phosphate buffer, a
dibasic salt could crystallize during the freezing and thus the pH value of
the solution could be decreased. For example, the pH value of 100 mM
sodium phosphate buffer can be changed from 7 to 3 by freezing (Thorat
et al., 2020). The structural stability of CTLA4-Ig can be reduced as the
pH is decreased (Fast et al., 2009). A previous study has reported that
the cold denaturation of monoclonal antibodies occurred at approxi-
mately —20 °C (Lazar et al., 2010). Moreover, local pressure derived
from ice crystal formation can destabilize proteins (Authelin et al.,
2020). Thus, there is a possibility that denaturation occurred during the
freezing and this led to the aggregation. In addition, the isoelectric point
of CTLA4-Ig is 4.5-5.5, and a pH shift might result in lower colloidal
stability, which is a parameter closely related to aggregation (Oyama
et al., 2020). The protein concentration becomes higher as ice crystals
form, and aggregates can be generated under the low colloidal stability
conditions. The denaturation and colloidal instability may accelerate the
protein aggregation caused by dropping stress in the frozen state;
however, these effects can occur at both -30 °C and -60 °C, and the
reason why the aggregation was increased at —30 °C but not at -60 °C
cannot be fully explained by these factors.

The ice crystal interface causes protein denaturation and aggregation
(Bluemel et al., 2021b). The findings that P188 prevented the aggrega-
tion effectively and that the freezing rates affected the aggregation infer
that the ice crystal interface could have an important role in the ag-
gregation under dropping stress as discussed above. Notably, a larger ice
crystal surface area does not necessarily result in increased aggregates,
and the ice morphology may have an impact on the aggregation. Air
bubbles can also be generated during freezing. The surface of air bubbles
is hydrophobic and can cause protein aggregation similar to an ice
crystal interface. However, because it is difficult to accurately predict or
measure the amount of air bubbles in a protein solution (Authelin et al.,
2020), the contribution of air bubbles to the protein aggregation caused
by dropping stress in the frozen state was not investigated further here.

Although dropping stress induces cavitation and subsequent local
high temperatures and high pressures in solutions in vials, cavitation is
not likely to happen at —30 °C as the viscosity of the FCM at -30 °C is
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expected to be approximately 2600 Pa-s (Seifert and Friess, 2020). Fang
et al. have reported that dropping stress applied to lyophilized drug
products caused heat and resulted in increased aggregation (Fang et al.,
2021). Thus, a localized high temperature could be induced by dropping
stress at =30 °C and cause local freeze-thaw conditions. The lack of a
significant increase in aggregates at -60 °C could be attributed to the
cancellation of the heat generated by the dropping stress by the lower
temperature. Future work using computational fluid dynamics will
provide more insight into heat transfer after the dropping and the reason
why the increase in particles due to the dropping stress was observed at
-30 °C but not at -60 °C.

Telikepalli et al. have reported that shipping-like stress damaged a
freeze-dried cake of IgG and the number of subvisible particles was
increased (Telikepalli et al., 2015). In the present study, the breakup of
the frozen solutions rarely occurred and thus was not likely to be a cause
of the increased number of aggregates.

The crystallization of excipients is also known to be a factor that can
destabilize proteins. P188 can be crystallized in the frozen state. A
previous study has demonstrated that the temperature of P188 crystal-
lization (Tcry) was approximately —55 °C in potassium phosphate buffer,
and the preventive effect of P188 on protein aggregation became lower
at temperatures below the Ty value (Li et al., 2023). However, in the
present study, no increase in protein aggregates was observed at -60 °C,
which should be lower than the Ty value of P188. This phenomenon
can also be explained, as discussed above, because the local freeze-thaw
conditions, which are caused by dropping stress-induced heat and are a
potential root cause of the aggregation, cannot occur because the
generated heat can be compensated for at -60 °C.

3.5. Consideration of aggregation caused by dropping stress in the frozen
state in real-world situations

The drug substances of therapeutic proteins are often stored in the
frozen state. Although drug products are not usually frozen, drug
products are sometimes stored in the frozen state in the early stages of
development depending on the stability (Authelin et al., 2020). For gene
therapy products that have been recently developed, frozen storage is
common even for commercial drug products, and the volumes of the
drug products are typically one to several milliliters (Pelaez et al., 2024).
In addition, mRNA-lipid nanoparticle (LNP) vaccines are also stored in
the frozen state (Schoenmaker et al., 2021).

The volumes of the bottles or bags used for the storage of drug
substances are much larger than the vials used in the present study,
which results in slower cooling rates. According to a previous study, the
cooling rate of 10 L bottles was 0.5 °C/min (Authelin et al., 2020). Our
results showed that the number of aggregates > 5 um could be increased
by dropping stress at —30 °C when the samples had been cooled at 0.1
°C/min. Although freezing on a larger scale also results in a concen-
tration gradient of the solute (Authelin et al., 2020) and it is difficult to
correctly predict the effect of the difference in scale on the stability,
there is a distinct possibility that aggregation induced by dropping stress
occurs in frozen drug substances.

Previous studies have reported that freeze-thaw stress caused the
degradation of viral vectors (Bee et al., 2022; Xu et al., 2022). The ag-
gregation of LNPs caused by freeze-thaw stress has also been observed in
a previous study (Ball et al., 2016). Considering that the main cause of
aggregation caused by dropping stress in the frozen state was suggested
to be local freeze-thaw stress in the present study, the degradation of
viral vectors and LNPs in frozen gene therapy products because of
dropping stress is possible.

Non-ionic surfactants, including P188, are often added to drug sub-
stances and drug products, which would be beneficial to prevent the
aggregation caused by dropping stress in the frozen state, as well as to
enhance the physical stability in the liquid state. In addition, packaging
that can reduce mechanical shock can be used to prevent the aggrega-
tion induced by dropping stress. In the present study, the vials were
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subjected to dropping up to 4500 times as a stress condition, and the
dropping conditions were harsher than the real-world situation.
Nevertheless, the results obtained in the present study indicated that
aggregation in the frozen state caused by dropping stress may be an issue
in the manufacture and transport of frozen therapeutics.

4. Conclusions

In this study, we demonstrated that micron-sized aggregates can be
generated by applying dropping stress at —30 °C. This aggregation might
be related to local freeze-thaw conditions caused by heat induced by the
dropping stress. This heat can be compensated for at lower tempera-
tures, and thus an increase in the number of micron-sized aggregates was
not observed at —60 °C. The cooling rate, which could affect ice crystal
size and morphology, was also an important parameter, and a faster
cooling rate did not result in a significant increase in the number of
aggregates. The addition of P188 was also effective in preventing the
aggregation caused by dropping stress in the frozen state. These results
indicated that freeze-thaw cycles occurring at ice crystal surfaces
generated micron-sized aggregates. Other factors, such as the freeze
concentration and the volume of solution, that can affect the stability of
the protein in the frozen state will be evaluated in future work. Careful
consideration of the destabilization caused by dropping stress in the
frozen state will help ensure the safety of biopharmaceuticals.
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