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ABSTRACT

Freezing is widely used during the manufacturing process of protein-based therapeutics, but it may result in
undesired loss of biological activity. Many variables come into play during freezing that could adversely affect
protein stability, creating a complex landscape of interrelated effects. The current approach to the selection
of freezing conditions is however non-systematic, resulting in poor process control. Here we show how
mathematical models, and a design space approach, can guide the selection of the optimal freezing protocol,
focusing on protein stability. Two opposite scenarios are identified, suggesting that the ice-water interface is
the dominant cause of denaturation for proteins with high bulk stability, while the duration of the freezing
process itself is the key parameter to be controlled for proteins that are susceptible to cold denaturation.
Experimental data for lactate dehydrogenase and myoglobin as model proteins support the model results,
with a slow freezing rate being optimal for lactate dehydrogenase and the opposite being true for myoglobin.
A possible application of the calculated design space to the freezing and freeze drying of biopharmaceuticals

is finally described, and some considerations on process efficiency are discussed as well.

Keywords: proteins; protein aggregation; freeze-drying; Quality by design (QbD)
Abbreviations: CNTF: ciliary neurotropic factor, GDH: glutamate dehydrogenase, IL-1ra: interleukin-1-
receptor antagonist, LDH: lactate dehydrogenase, Mb: myoglobin, OD: optical density, PFK:

phosphofructokinase, QbD: quality by design, TNFbp: tumor necrosis factor binding protein

INTRODUCTION
The market of protein-based therapeutics has increased steadily in the last few years?, but their intrinsic
instability represents a critical issue. The biological activity of proteins is strongly related to their 3D
conformation, which may be easily lost upon exposure to high/low temperature, presence of interfaces, pH
shifts etc.2

Protein-based drugs or reference standards are often stored under frozen conditions to increase their
stability and avoid physical, chemical or biological degradation. However, freezing could result in undesired
loss of therapeutic potency. First, cold denaturation may occur at the low temperature used during freezing.
The cold denaturation process is driven by the reduced penalty for water-hydrophobic interaction at low

temperature, that promotes the exposure of the protein hydrophobic core to the solvent37. The crystallization



of water, with the formation of an ice-water interface, may also be harmful to protein stability, as proteins may
denature while adsorbed onto the interfaces.

Furthermore, solutes concentration rapidly increases when ice is formed, and this may translate into
significant changes in ionic strength and composition of the amorphous phase?®. Because of this, it was even
suggested that the rate of chemical reactions may actually increase when freezing an aqueous solution10.
Some buffering species may also undergo selective crystallization, resulting in not negligible pH changes??-
14,

Finally, phase separation of polymers15 or the crystallization of other formulation components®1¢ may lead
to the formation of additional interfaces where the protein may adsorb and denature. As a consequence of
phase separation, the protein may also preferentially partition into a phase where the concentration of
protectants is too small to allow effective stabilization. It is therefore clear that a number of complex and
strongly related phenomena come into play during freezing of a typical pharmaceutical solution, making the
choice of the optimal process conditions not trivial.

As an example, the cooling rate is a variable that should be strictly controlled during freezing, as a faster
cooling rate results in smaller ice crystals, and therefore larger ice-water interface'.18. A faster cooling rate
may also help to prevent crystallization of buffering species, thus minimizing pH changes during freezing9.20,
and could affect the extent of crystallization of excipients, the polymorphs compositions changes during the
lyophilization process, or the final polymorphs compositions2!-25. The extension of the ice-water surface is
also strongly influenced by the nucleation temperature, with a higher nucleation temperature resulting in
larger crystals26. The thawing rate may also be crucial, as slow thawing promotes the recrystallization
process, where small ice crystals grow into larger ones. Recrystallization results in undesired interfacial or
shear stress for proteins at the ice-water interface, which may affect their activity.2”

Freezing also constitutes the first step of the freeze drying, or lyophilization, process, which is widely used
to increase the shelf life of many pharmaceutical products. Freeze drying allows removal of water at low
temperature and is, therefore, particularly indicated for products that are sensitive to high temperature.
During lyophilization, a product is first frozen by decreasing the temperature to low enough values (typically
233 / 223 K), and water is then removed at low pressure by sublimation (primary drying) and desorption
(secondary drying).

During freeze-drying, the freezing protocol not only affects the protein stability, as previously discussed,

but is also strictly related to the process efficiency. The pore size within the dried cake corresponds to the
3



size of ice crystals which are formed during freezing, provided that neither shrinkage nor collapse of the cake
occurs. In turn, the pore dimension is intimately tied to the process efficiency and product quality. A large
pore size promotes the removal of water by sublimation, decreasing the primary drying time26, and results in
a lower temperature within the product being dried, minimizing the risks of collapse. However, a small
extension of the ice-water interface is also associated with reduced desorption rate, and therefore slower
secondary dryingzs.

Hence, the picture of interrelated effects on protein stability during freezing as outlined previously
becomes even more complex when considering freeze-drying process duration and efficiency.

Despite the complexity of the subject, the selection of the freezing conditions is currently non-systematic,
and this is not in line with the guidelines issued by regulatory agencies, that emphasize the necessity for a
Quality by Design (QbD) approach2e. QbD prioritizes process understanding and control in order to
guarantee the desired characteristics of the final product30-31,

In order to cover this gap, here we will demonstrate how the design of the freezing step of a freeze-drying
cycle could benefit from the QbD concept. In particular, a design space approach will be used. Design space
is a tool that may be used in the QbD process to provide useful information about the effect of input variables
on output critical parameters. Here, the effect of cooling rate and nucleation temperature on protein stability
will be investigated using this tool, and two opposite scenarios will be hypothesized, depending on the
relative stability of proteins in bulk or at interfaces. In the first one, the ice-water interface is identified as the
dominant cause of denaturation for proteins with high bulk stability, while in the second case the duration of
the freezing process itself is suggested to be the key parameter for those proteins that are highly sensitive to
cold denaturation. The results of experimental tests on lactate dehydrogenase (LDH) at pH 6.5 and
myoglobin (Mb) at pH 3.7 will be reported, that support the model results. Finally, in the framework of the
freeze drying of biopharmaceuticals, some considerations on process performance will also be given,
together with some guidance on the relevance of the model scenarios for commonly used biotherapeutics.
While the complexity of the phenomena involved in the freezing of a protein formulation can hardly be fully
described by a mechanistic model, the proposed approach still aims to provide some useful indications. To
the best of our knowledge, this is the first attempt to describe protein stability during freezing using a fully
mechanistic approach. In this work, general considerations on protein stability will be extracted from this
model, so as to make the discussion as general as possible. These indications may help to guide

professionals into the selection of appropriate freezing conditions, which are beneficial for the preservation of
4



protein biological activity, and to ensure process economic efficiency at the same time. For this work we will
focus on small scale freezing (i.e., freezing in small volumes, such as vials). The complications created by

the larger heat and mass transfer dimensions of large-scale systems will therefore not be addressed.32

MATERIALS AND METHODS
Simulation Approach
Freezing of a protein-based active ingredient was considered in this work, and a two-state unfolding process
of a protein, from the native (N) to denatured (U) state, was hypothesized. A two-state kinetic model is valid if
the following assumptions are met: (i) a single folded state, and a large number of unfolded states can be
identified; (ii) each unfolded state gives a small contribution to the total partition function of unfolded states;
(ii) transition rate constants are inversely proportional to the partition functions of single conformational
states, and each unfolded state can transition to several other unfolded states; (iv) the boundary factors in
transition rate constants are not influenced by changes in folding conditions; (v) there are no large barriers
between unfolded states which could result in the protein being trapped for a long time33.34,

In a two-state process, the mole fraction of unfolded protein, at thermodynamic equilibrium, is given by,

£ = ] K (1)
UTINI+[U] T 14K

where the equilibrium constant K depends on the free energy of unfolding AG,

K = e—AG/RT @)

R is the universal gas constant, and T the absolute temperature.

The free energy change depends on temperature and concentration ¢ of an excipient according to,

AG(T,c) = AHo — TASq + AC,[T — Ty — T InT/T,] + mc 3)

AHy, ASy and AC, are the enthalpy, entropy and specific heat change upon unfolding at a reference

temperature To. The proportional coefficient m depends on the particular excipient considered.



In most cases, the thermodynamic equilibrium is not reached during the freezing process, and a kinetic
approach should be used. For a reversible two-step process, it is possible to write the following system of

differential equations

W k) + ke
o @
TR k¢ [U] = ky[N]

where the kinetic constants ks and k, depend on temperature, osmolyte concentration and solution viscosity
/3536, Moreover, we can assume the unfolding process as an activated process, characterized by the

presence of a transition state TS,

ku(T, ¢, ) = A%e‘AGN_TS/RT

Ho _ArU-TsS
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A is a constant for any protein, and 4 the viscosity at some reference conditions (293 K, 1 bar and pure
water in our case, i.e., ¢ = 1cP). In practice, we describe the conformational dynamics of proteins in viscous
solutions using a version of the Kramers’ theory37:38:39 where the contribution given by the internal friction of
the protein has been considered negligible36. This assumption is particularly justified in the case of a freezing
process, where the solvent friction should dominate because of the large values of viscosity that are
eventually reached. The free energy change associated to the passage from native or denatured state, and

the transition state TS, is given by

AGX™TS(T, ¢) = AHE ™™ — TASF™™S + ACY™"S[T — Ty — TInT/To] + m*TS¢ (6)

with X=N, U. In a two-state process, we also have that AG = AGN-TS — AGYU-TS.
In the present work, realistic values were chosen for all the parameters related to protein stability, but with
no reference to any specific protein. These values were also varied among different simulations, to cover an

as wide as possible range of protein folding stabilities. The results presented in the following aim, therefore,



to have general validity, qualitatively describing a variety of situations that may occur during the freezing of a
protein formulation.

First of all, the ice crystal size dimension was calculated using a mechanistic model4°, with the iterative
procedure described in 41. A typical pharmaceutical process, where a protein formulation is filled into vials
and loaded onto the shelves of a freeze dryer, was considered during the simulations. Freezing of a 5% w/w
sucrose formulation with a 150:1 sucrose to protein mole ratio was considered. During the simulations, the
shelf temperature Tsher was linearly decreased from 293 to 233 K, with varying cooling rates over the range
0.1-1 K min-!. The nucleation temperature was also varied in the range 248-265 K, and an 8x8 matrix of
cooling rate x nucleation temperature conditions was considered to build the design space, as it was done in
42, The average ice crystal size d, within the product was computed for each point of this matrix, and the

resulting ice-water surface area S was computed from,

where p is the ice density, m, the initial mass of water in the vial, and the assumption was made that ice
crystals are cylinder-shaped.

The increase in sucrose concentration as a result of the freezing process was computed using the data
reported in 43. The solution viscosity as function of temperature and excipient concentration was then

calculated using the scaled Arrhenius equation,

2
u Tg> (Tg> (8)
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where Ty is the glass transition temperature, and the coefficients a, b and ¢ were taken from 44.

For the estimation of AG, values of 0.2 kd kmol-! K-, 3 kJ kmol-! K-* and 295 K were considered for ASy,
AC, and T, respectively. These values were chosen because are in the range often encountered for
proteins. For instance, similar parameters were measured for protein L in a previous work3s. By contrast, the
values of AH, and m were varied from simulation to simulation, to sample different situations of protein bulk

stability. The kinetic constants k, and ks were then computed assuming AGN-T5= 1.5 AG and AGYU-TS= 0.5 AG,



while the constant A in Eq. (5) was again changed from simulation to simulation. The ratio 3:1 for AGV
TS/AGUY-TS has been chosen arbitrarily, because not many data on the temperature dependence of folding
kinetics are currently available in the literature.

Equations 4 were then solved in Matlab R2017a, using a 0.1 s time-step. The percentage of unfolded
protein as a result of bulk denaturation could therefore be computed. However, surface-induced denaturation
may also occur, as a result of adsorption to the ice-water interface. From equation 7 it was possible to
calculate the final extension S of the ice-water surface interface, while its change during the process was

estimated from

oy _ o Swend 9)
SW=50

where cw.enqg is the water mass fraction at the end of freezing, while ¢, represents its current value.

The percentage of surface-denatured molecules was finally computed assuming that the protein behavior
was perturbed whenever it was closer than d=4 nm to the ice surface. This threshold was chosen because a
long-ranged effect of the ice surface, up to 4 nm from the interface, was observed in molecular dynamics
simulations of the GB1 peptide4, and preliminary data for another model protein (unpublished data) confirm
this observation. To determine the number n, of adsorbed protein molecules (having molar mass M, and

molecular volume V,), the following system of equations was solved,

ny,M, = c,(n,M, + n,M, + ngMy)

Sid; = Viyny + Vony, + Ving (10)

where ns and n, are the number of adsorbed sucrose and water molecules, respectively, while My, Ms and
Vi, Vs are their molar masses and molecular volumes. It was assumed that the ratio ns/n, was the same as
in the bulk, i.e., 150. It was also assumed that the surface-driven denaturation of the protein occurred with no
thermodynamic barrier. This means that 50% of the adsorbed protein molecules are in the unfolded state.
For the simulations, both the completely reversible situation, and the completely irreversible one, were

considered. In the latter case, Equations 4 were modified to,



u[N]
dt (11)
d[N]

The irreversible situation corresponds, for instance, to the case of proteins that tend to form aggregates
when they are in the unfolded state. In this case, the unfolded molecules that cluster to form an aggregate
and precipitate cannot convert back to their native state anymore.

The parameters used for the simulations performed in this work are listed in Table 1. The simulated
conditions were chosen so as to explore a wide range of protein bulk stability, from the point of view of both
thermodynamics (different AHp, see Figure 1, and different m), and kinetics (different pre-exponential factor
A), while keeping fixed the behavior at the ice surface. In addition, considering the values of AGN-TS and AGY-
s selected for this work, the values of A listed in Table 1 made it possible to have denaturation kinetics
compatible, i.e., neither too fast nor too slow, with the simulation timescale. Simulations 1 and 3 correspond
to proteins that are significantly more stable in bulk solution than at the surface. By contrast, the model
proteins described in simulations 2 and 4 are unstable in bulk and tend to unfold quickly at the low
temperature experienced during freezing.

If the freezing constitutes the first step of a freeze drying process, some considerations on process
efficiency could also be made. The crystal size d, of the frozen product equals the pore dimension of the
dried cake, provided that no collapse occurs. In turn, the pore dimension determines the mass transfer
resistance to vapor flow during primary drying, and, therefore, primary drying time t; and maximum
temperature reached during this phase Tnax. Thus, in order to assess the effect of ice crystal size on t; and
Tmax, @ simple 1-dimensional model was used*6. The primary drying model was implemented in Matlab and
solved using the finite differences approach, with a 60 s timestep.

It should be taken into account that the model here introduced cannot, at present, describe the thawing
process, where protein unfolding may also occur. Therefore, the experiments described in the following
section were all performed changing the freezing protocol only, while keeping fixed the thawing conditions.
This made it possible to compare the effect of freezing on protein stability, and make a more direct
comparison with the model results. The possible addition of thawing effects in the model will be the subject

of future investigations.



Experimental Validation
Some experimental tests were performed to validate the simulation results. Myoglobin (Mb from equine
heart, Sigma Aldrich, Milan, Italy) and lactate dehydrogenase (LDH from rabbit muscle, Sigma Aldrich, Milan,

Italy) were selected as model proteins.

Freeze-Thaw Cycles on Myoglobin

Myoglobin was dissolved in 10 mM sodium citrate buffer at pH 3.7. Citrate buffer was selected because its
pH remains constant during freeze-thawing experiments20. Mb concentration was adjusted to either 0.1 or
0.2 mg/ml, and the presence of the surfactant Tween 80 (Sigma Aldrich, Milan, Italy) at 0.01% w/v was also
considered for this study. All the solutions were prepared using water for injection (Fresenius Kabi, Verona,
Italy), and filtered using 0.2 ym filters.

To assess the effect of different ice-water surface areas on protein stability, three different freezing
protocols were used. In the first one, samples were frozen by immersing vials (0.5 ml Screw Cap GeNunc
Storage Vials, HDPE, Sterile, Thermo Fisher Scientific, Rochester, NY, USA) into liquid nitrogen for 5 min,
and then thawed in air at room temperature.

In the second and third protocol, 2 ml of each sample were filled into 4R 16x45 mm vials (Nuova Ompi
glass division, Stevanato Group, Piombino Dese, ltaly), partially stoppered with silicon stoppers (West
Pharmaceutical Services, Milan, ltaly) and loaded onto the shelves of a freeze dryer. In one case, shelf-
ramped freezing was performed at 1 K/min, from 283 to 238 K using a Revo (Millrock Technology, Kingston,
NY, USA) freeze dryer. In the other case, the controlled nucleation technique known as vacuum induced
surface freezing (VISF) was used.4748 This cycle was performed in a LyoBeta 25 (Telstar, Terrassa, Spain)
freeze dryer, where the vials were first equilibrated at 268 K for 1 h. At that point, pressure inside the
chamber was lowered to about 1 mbar. This promoted strong evaporation from the product surface, and
therefore a reduction in temperature that induced nucleation in all the vials more or less at the same time
(approximately in 30 s). Pressure was subsequently released to the atmospheric value, and the product
equilibrated at 268 K for 1 h to promote the formation of big ice crystals. Finally, temperature was decreased
to 238 K at 0.5 K/min. For both cycles, the cooling rate was also monitored by means of T-type miniature
thermocouples placed inside some non-active (containing only the buffer) vials. In all cases, samples were

thawed in air at room temperature.
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In the case of quench cooling in liquid nitrogen, a large ice-water surface area should be formed, while
the biggest ice crystals should be obtained by using the VISF protocol, where the high nucleation
temperature (268 K) and the holding time at 268 K should promote the ice crystals growth. In the case of
quench and shelf-ramped freezing, three freeze-thaw cycles were performed, and samples were analyzed
both after the first and the third cycle. By contrast, only one freeze-thaw cycle was performed using the VISF
technique. After thawing, the protein solutions were centrifuged at 13000 rpm for 5 min (Heraeus Megafuge
8 Centrifuge Series, Thermo Fisher Scientific, Milano, ltaly), and the percentage of aggregates was
thereafter calculated from the decrease in protein concentration (UV detection at 280 and 410 nm) after
centrifugation. Optical density (OD) was measured against a solvent-matched reference using a 6850
UV/VIS spectrophotometer (Jenway, Stone, Staffordshire, UK). This analysis cannot provide detailed
information about the secondary and tertiary structure, or biological activity, of Mb in solution; however, it
allowed us to indirectly measure protein denaturation and the presence of large precipitates, which is enough
for the purpose of this study. The peak centered at 280 nm in the Mb absorbance spectrum is due to
aromatic amino acids (primarily tryptophan and tyrosine) in the polypeptide and to the heme iron, and its
location is characteristic of most proteins. The other absorption peak centered at approximately 410 nm is
due entirely to the heme and is commonly referred to as the Soret band®.

The presence of stabilizing additives was also considered, and a freeze-thaw cycle was therefore
performed on 0.1 mg/ml myoglobin in 5% w/w sucrose, 5% w/w trehalose, or 5% w/w mannitol, again using
the Revo freeze dryer (Millrock Technology, Kingston, NY, USA). All the formulations were prepared in 10
mM sodium citrate buffer at pH 3.7, and a 0.1 mg/ml myoglobin solution in buffer only (without cryo- or
lyoprotectants) was also considered. The formulations were prepared both with and without 0.01% w/v
Tween 80, to investigate the effect of surfactants.

Freezing was performed using a 1 K/min cooling rate, and the protein recovery was measured by UV/VIS
spectroscopy at 410 nm after thawing in air at room temperature, using a spectrophotometric multiwell plate

reader (Multiskan FC Microplate Photometer, Thermo Fisher Scientific, Milano, Italy).

Freeze-Thaw Cycles on Lactate Dehydrogenase

LDH was dialyzed against 10 mM sodium citrate buffer at pH 6.5. Dialysis was performed at 277 K, and the

buffer was changed 3 times (the first 2 times every 3 h, while the third dialysis step was carried out
11



overnight). The concentration of LDH after dialysis was determined using UV/VIS spectroscopy (6850
UV/VIS Spectrophotometer; Jenway, Stone, Staffordshire, UK). The peak at 280 nm was monitored, and an
extinction coefficient of 1.44 mL/(mg cm) was used for calculations.

Two different freeze-thaw protocols were tested on 0.1 mg/ml LDH in 10 mM sodium citrate buffer at pH
6.5, 5% w/w sucrose, 5% w/w trehalose, or 5% w/w mannitol. All the formulations were prepared in 10 mM
sodium citrate buffer at pH 6.5, both with and without 0.01% w/v Tween 80, and filtered using 0.2 um filters.
The first protocol was quenching in liquid nitrogen, while the second one consisted in shelf-ramped freezing
at 1 K/min cooling rate. The same approach previously described for Mb was used for both protocols. After
thawing in air at room temperature, the enzymatic activity of LDH after 1 freeze-thaw cycle was calculated
from the increase in absorbance at 450 nm due to the reduction of NAD to NADH. A standard curve built with
1.25 mM NADH standard was used to calculate the amount of NADH generated in each well. For this
analysis, 0.2 mg/ml LDH in 10 mM sodium citrate buffer at pH 6.5, with or without 0.01% w/v Tween 80, was
also considered. The degree of aggregation in each sample was also measured from the increase in
absorbance at 500 nm, which is a measure of turbidity. However, this last analysis was performed after 9
freeze-thaw cycles, so as to increase the strength of the signal. In all cases, a spectrophotometric multiwell
plate reader (Multiskan FC Microplate Photometer, Thermo Fisher Scientific, Milano, Italy) was used for the

analyses.

Low-Temperature Storage

Mb and LDH were selected as model proteins because they are characterized by very different cold
denaturation temperatures (283 K for Mb at pH 3.7 according to 50 and 245 K for LDH at neutral pH51). To
further confirm their different behavior at low temperature, 0.1 mg/ml Mb in 10 mM sodium citrate buffer at
pH 3.7 and 0.1 mg/ml LDH in 10 mM sodium citrate buffer at pH 6.5 were kept for 24 h at 268 K, where no
freezing was observed. The presence of 0.01 % w/v Tween 80 was also considered. Protein stability over
this time was monitored from the decrease in absorbance at 410 nm, in the case of Mb, or the ability to

reduce NAD to NADH, in the case of LDH, as previously described.

RESULTS AND DISCUSSION

An Insight Into Protein Behavior during Freezing
12



The behavior of a model protein during freezing has been simulated. A typical output of a simulation is
shown in Figure 2. Before the nucleation event, the solution viscosity x is too low to significantly hinder the
conformational changes of the protein, and the kinetic constants show moderately high values. Immediately
after the nucleation event, i.e., after 0.7 h in the case of Figure 2, the excipient concentration ¢ increases
sharply because of the formation of ice crystals (Figure 2a), and this augments the bulk stability of the
protein. This is evident from Figure 2b, where the free energy change AG is shown both including (red curve)
or neglecting (black curve) the effect of the osmolyte. In this case, the effect of the excipient is stabilizing
(positive m-value), as it shifts the free energy of unfolding to larger values. While the two curves are almost
superimposed before nucleation, they clearly split apart as soon as the first ice crystals are formed. The
solution viscosity increases as well (Figure 2a), kinetically hindering any protein movement. As a
consequence, the kinetic constants k, and k¢ drop to very low values (Figure 2d). Surface-driven denaturation
becomes therefore dominant after nucleation, and a not negligible amount of protein molecules adsorbs to
the ice surface (Figure 2c), potentially undergoing conformational changes.

The resulting fraction of unfolded (U) and native (N) protein molecules as function of freezing time is
shown in Figure 3. In the case of Figure 3a, simulation 1 in Table 1 is considered. In this case, the protein is
stable in bulk, as the folding rate constant (k) is remarkably larger than the unfolding (k.) one (see Figure
2d). Therefore, the protein molecules that unfold almost immediately convert back to the native state, and no
notable unfolding occurs before nucleation. Once nucleation occurs, surface-driven denaturation prevails
and, as observed in Figure 3a, the amount of unfolded proteins suddenly increases.

On the other hand, if the same values of AH;, m and A are used, but an irreversible process (simulation 4
in Table 1) is considered (Figure 3b), a significant percentage of the protein undergoes conformational
changes before nucleation, and the denaturation that is subsequently induced by the ice surface plays only a
secondary role. As evident from this first example, a major contribution is therefore played by the ratio
between bulk and surface stability. A design space approach was therefore used to further investigate the

implications of this observation.

The Design Space Suggests the Existence of Two Opposite Behaviors
The objective here is to identify the parameters that may be responsible for an increased loss of therapeutic
activity during the freezing step of freeze drying, and should therefore be monitored during the process. As

we are not interested in the absolute value of unfolded protein molecules in each configuration, the graphs
13



will show the percentage of unfolded molecules (U), normalized by the maximum value observed in each
design space (Umax). This will allow an easier comparison between different simulations.

In line with previous considerations, the design space for simulation 1 (Figure 4a) shows that the worst
condition for protein stability (U/Umax = 100%) corresponds to the region of high cooling rates and low
nucleation temperature. As mentioned in the Introduction, small ice crystals are formed in these conditions,
that result in a large ice-water surface, as shown by the red isocurves in Figure 4. It is evident that the
greater the extension of the ice interface is, the more the protein unfolds. In these conditions surface-induced
denaturation prevails, and the optimal process should maximize the ice crystal size. This may be achieved
using a low cooling rate or inducing nucleation at high temperature by means of a controlled nucleation
approachs2, as the VISF protocol employed in this work. Alternatively, the use of surfactants should be
considered to minimize protein-surface interactionss3. Because of their amphiphilic nature, surfactants
preferentially locate at interfaces, thus reducing adsorption phenomena, and therefore also surface-induced
denaturation.45.54

If the protein has a reduced stability in bulk, as in simulation 2, surface-induced denaturation becomes
less important. In this case (Figure 4b), a low cooling rate results in the highest degree of protein unfolding.
This happens because the lower the cooling rate is, the longer the solution viscosity is low enough to allow
fast conformational changes. Therefore, if a protein with low bulk stability is considered, a high cooling rate
may be beneficial, as it would result in shorter freezing times and earlier cryo-concentration.

Similar considerations apply to the case of irreversible conformational changes. In the case of simulation
3 (Figure 4c), surface-driven unfolding is again dominant and slow cooling rates/high nucleation temperature
conditions should be preferred. On the other hand, if the denaturation process in the bulk solution is
thermodynamically and kinetically favored, as in simulation 4 (Figure 4d), the extension of the ice interface is
not a crucial parameter, while the duration of the freezing process should be strictly controlled, and a cryo-
concentrated matrix should be formed as quickly as possible. Overall, Figure 4 shows that surface-induced
unfolding is dominant in simulations 1 and 3 in Table 1, while it becomes less important in the case of
simulations 2 and 4.

Finally, the effect of protein concentration has been investigated in Figure 5. In this case, a fixed value of
263 K was chosen for the nucleation temperature, and the cooling rate was again varied from 0.1 to 1 K/min.
Conditions 3 and 4 in Table 1 were considered, and the protein concentration was varied between 0.001 and

0.01 mol/l. In the case of proteins having high bulk stability (conditions 3 in Table 1, Figure 5a), surface-
14



driven denaturation is dominant, and increasing the protein concentration has a significant positive effect.
This occurs because the extension of the ice-water interface is finite, and the number of protein molecules
adsorbed at the surface cannot exceed a given value. When this value is reached, increasing the bulk
concentration reduces the percentage of unfolded molecules.

By contrast, the effect of protein concentration is not equally important when cold denaturation in the bulk
is the dominant mechanism (conditions 4 in Table 1, Figure 5b). In this case, only a very slight increase in
protein recovery is observed when moving from 0.001 to 0.01 mol/l, and is again related to the smaller
percentage of protein molecules adsorbed at the ice surface at higher concentration.

It should be pointed out that the contour plots shown in Figures 4 and 5 were computed for reference
values of protein thermodynamics and kinetics parameters (AHy, ASo, AC,, m, A etc.) and the relative trends
only were here discussed. Considering that this is the first attempt to include protein stability in a design
space approach, this was done with the aim to make the discussion as general as possible. It would anyway
be possible to use this same modeling approach to obtain specific information for the protein being

considered, by specifically adjusting the folding parameters included in the model.

Comparison with Experimental Data

For experiments, different freezing protocols were selected, that correspond to either the far left (slow
process) or far right (faster process) of Figure 4. A very fast freezing protocol, i.e., quench cooling in liquid
nitrogen, was also used as an exireme representative of a fast freezing process, with the objective to
enhance the observed effects on protein stability. The behavior of proteins during freezing is extremely
complicated, and several factors should in principle be considered. However, two possible scenarios were
investigated and described by the simple model presented in this work. The first one, that primarily ascribes
protein denaturation to adsorption at the ice-water interface, was confirmed in the case of LDH as model
protein (see Figure 6). In panel (a), the recovery of protein enzymatic activity after 1 freeze-thaw cycle is
shown, as measured from the increase in OD at 450 nm due to the reduction of NAD to NADH. In panel (b),
the increase in OD at 500 nm due to aggregation after 9 freeze-thaw cycles has been considered to estimate
protein recovery. Both quench freezing and shelf-ramped freezing at 1 K/min were considered. Plastic vials
were used for the quench freezing protocol for their better compatibility with the available equipment.

However, preliminary tests for 0.1 mg/ml LDH in 10 mM sodium citrate buffer at pH 6.5 or 0.1 mg/ml
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myoglobin in 10 mM sodium citrate buffer at pH 3.7, with or without 0.01% w/v Tween 80, were used to verify
that no significant difference existed with the results obtained in 4R 16x45 mm glass vials.

It is evident that the quench freezing in liquid nitrogen (blue bars) resulted in reduced protein recovery
compared to the shelf-ramped freezing at 1 K min' (grey bars). The formation of extremely small ice
crystals, and therefore of a huge ice-water surface area, during quench freezing may be at the basis of this
observation.

In all cases, the addition of 0.01 % w/v Tween 80 remarkably reduced protein aggregation, as evident
from Figure 6b, and often resulted also in increased protein activity, as shown in Figure 6a. More specifically,
the addition of surfactant always led to improved recovery of LDH activity when quench freezing was
performed (blue bars in Figure 6a). This further suggests that surface-driven denaturation was dominant,
especially for the case of the quench freezing protocol. Sucrose and trehalose at 5% w/w resulted in
improved protein activity (Figure 6a), even though they did not remarkably decrease protein aggregation at 1
K/min cooling rate (Figure 6b). By contrast, the addition of the crystalline excipient mannitol, in absence of
surfactants, was deleterious for protein aggregation at this cooling rate, as it resulted in increased turbidity of
the solution after freeze-thawing. This increase in aggregation may be related to the formation of mannitol
crystals at 1 K/min, where the protein may adsorb and denature. This explanation is also supported by the
fact that when Tween 80 was added to the mannitol formulation, the protein recovery significantly increased,
as regards both enzymatic activity (Figure 6a) and aggregation (Figure 6b). However, the quench frozen
samples containing cryoprotectants, and in absence of surfactants, all showed an increase in protein
recovery compared to the buffer only formulation, and behaved very similarly, suggesting that mannitol did
not crystallize under these conditions, in line with previous observations.2425 This effect of cryoprotectants
and surfactants was not explicitly discussed in the simulation part of this work, but could be included in the
model by modifying the value of m in Equations 3 and 6, or the adsorption behavior at the ice interface (in
the case of surfactants, Equations 10). Finally, the recovery of LDH enzymatic activity was also tested for a
different concentration, 0.2 mg/ml in Figure 6a. For both shelf-ramped freezing and quench freezing, protein
recovery improved when moving from 0.1 to 0.2 mg/ml. As shown in Figure 5a, this beneficial effect
observed upon increasing the protein concentration is not surprising when surface-driven denaturation is
dominant.

The behavior discussed in this work for LDH is also well-documented in the literature. For instance, using

LDH as model protein, a remarkable loss of activity was observed in frozen systems, while no degradation
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was detected in concentrated solutions at the same temperature and composition, but without iceSs.
Similarly, solutions of the azurin protein exhibited a dramatic decrease in the average phosphorescence
lifetime of the Trp-48 residue at the onset of ice formation, which is indicative of protein unfolding8. Moreover,
phosphofructokinase (PFK), lactate dehydrogenase (LDH), glutamate dehydrogenase (GDH), interleukin-1-
receptor antagonist (IL-1ra), tumor necrosis factor binding protein (TNFbp), and ciliary neurotropic factor
(CNTF) were observed to form a large amount of insoluble precipitates when quench cooled in liquid
nitrogen, while a smaller cooling rate caused significant less precipitationsé. Also, the addition of a small
amount of surfactant could effectively prevent the observed precipitation. These results suggest that surface-
driven denaturation at the ice-water interface is dominant for many proteins and indicate that the behavior
described in Figures 4a and 4c is commonly observed in experiments.

On the contrary, it is more difficult to find in the literature reports of proteins that behave according to
Figures 4b and 4d. This occurs because many of the proteins commonly used for this type of experiments
show a quite high bulk stability and are unlikely to exhibit any significant denaturation before the onset of ice
formation. In contrast, the model protein selected in this work, namely, myoglobin, is extremely sensitive to
cold denaturation, especially at the low pH (3.7) selected for this study.5057 In Figure 7, the percentage of
myoglobin recovery after freeze-thawing is shown, as measured from the OD at 280 nm (Figure 7a) or 410
nm (Soret band, Figure 7b). The peak at 280 nm is related to protein concentration. Therefore, a decrease in
the peak at 280 nm after freeze-thawing and centrifugation is indicative of aggregation. By contrast, while the
peak at 410 nm shows a similar dependence on concentration, it may also be affected by changes in the
conformation of Mb. For instance, it was observed that the disruption of the secondary and tertiary structure
of Mb by addition of 8 M urea caused a decrease in the extinction coefficient at 410 nm, while no changes
were observed for the peak at 280 nm4°. This happens because the heme pocket modifies its conformation,
and is exposed to a different environment, when Mb unfolds. The Soret band is altered whenever the
physical environment of the heme changes, and therefore represents a useful indicator of the protein
conformation. The different significance of the OD values at 280 nm (aggregation) and 410 nm (aggregation
+ denaturation) also accounts for the lower values of protein recovery generally reported in Figure 7b than in
Figure 7a. Some denatured protein molecules may still be in the monomeric form, contributing to an increase
in the peak at 280 nm, while not being detected at 410 nm.

As can be observed from Figures 7a and 7b, the VISF protocol (black bars) resulted in the worst protein

recovery, while quench cooling in liquid nitrogen (orange bars) generally preserved activity the most, and
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shelf-ramped freezing at 1 K/min (blue bars) showed an intermediate behavior. Overall, this indicates that
surface-driven denaturation is not the main source of stress for the protein. In fact, the freezing protocol
resulting in the largest ice-water surface area, i.e., quench freezing, led to an increase in protein recovery.
By contrast, the data are compatible with bulk denaturation being the controlling mechanism. In this case,
the time spent by the protein in a liquid solution at low temperature, where cold unfolding may ensue, should
be minimized. The VISF protocol includes two holding steps at low temperature (268 K) and low solution
viscosity (liquid or still not completely frozen matrix), that may promote the conformational changes
responsible for aggregation and denaturation. The formation of a cryoconcentrated matrix occurs more
quickly in the case of shelf-ramped freezing and is extremely fast when vials are directly immersed into liquid
nitrogen. These results indicate that also the second scenario identified by the simulations, and illustrated in
Figures 4b and 4d, can be experimentally observed, and this suggests that the simulation approach can
capture at least the main features of protein stability during freezing.

The dominant role of bulk denaturation for myoglobin at pH 3.7 is also evident from the observed effect of
surfactants. When surface-driven unfolding is the main mechanism, addition of polysorbates results in
significantly increased protein stability.5456.58.59 However, addition of Tween 80 led to a reduced recovery of
protein activity in our freeze-thaw experiments, as particularly evident from the absorbance values at 410 nm
(Figure 7b). One possible explanation would be that surfactants have an effect on the conformation of
myoglobin at low pH. This is an interesting observation, especially considering that the literature is
controversial on this point. For instance, while some authors suggested that the polysorbates may have an
effect on the secondary structure of a protein in the bulkéo6! others theorized that this effect was
negligible®263. The disagreement on this point also arises from the close interrelation of surface-driven
phenomena and bulk effects that generally occurs when dealing with a protein formulation. Thanks to our
modelling approach, a situation was identified where these two effects can be more easily separated, making
it possible to isolate the effect of surfactants in the bulk solution.

Finally, it is interesting that doubling the Mb concentration, from 0.1 to 0.2 mg/ml, generally increased
protein recovery. According to our simulations (Figure 5), an increase in concentration should reduce the
percentage of protein molecules adsorbed onto the ice-water surface area and remarkably affect stability
when surface-driven denaturation is prevailing (Figure 5a). However, a smaller effect should be observed
when bulk unfolding is the controlling mechanism (Figure 5b). We may therefore hypothesize that, even

though the controlling mechanism of Mb aggregation and unfolding at pH 3.7 is related to cold denaturation,
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adsorption onto the ice surface still plays a role, that translates into the observed improvement in protein
recovery at higher concentration. This hypothesis is also supported by the smaller difference observed for
the two values of protein concentration upon addition of Tween 80 (Figure 7). Even though Tween 80, as
previously discussed, has a denaturing effect in the bulk, it still preferentially locates at interfaces, preventing
adsorption. Therefore, if minimization of surface effects is the mechanism, the improvement related to an
increase in protein concentration should become negligible in presence of surfactants. The observed
stabilization may, however, also be related to the formation of more stable multimers, or by volume exclusion
effects that arise at higher concentration. This last explanation was also proposed in a previous work®4,
where the cold denaturation temperature of B-lactoglobulin was found to decrease significantly when
increasing the protein concentration.

The effect of the addition of protectants such as sucrose, mannitol and trehalose, was also investigated
(see Figure 8), both in presence (grey bars) and absence (dashed bars) of Tween 80. Data have been
normalized relative to the formulation before freeze-thaw. It is apparent that the addition of excipients
improved the recovery of protein activity after freeze-thawing, and this effect was particularly remarkable in
presence of Tween 80. This is in line with the stabilizing effect of sugars on cold denaturation observed in
previous works.54 It is also particularly interesting that when either sucrose or trehalose was present, addition
of the surfactant was not deleterious. We may hypothesize that these two amorphous excipients can
effectively counteract the denaturing effect of Tween 80. As for the crystalline excipient considered in this
work, i.e. mannitol, it behaved similarly to the disaccharides sucrose and trehalose in absence of surfactant.
This once more suggests that surface-driven denaturation is not the main mechanism of protein denaturation
for myoglobin at pH 3.7, as in this case crystallization of mannitol would create another surface onto which
adsorption and unfolding may occur. However, the fraction of mannitol that remains in the amorphous phase
together with the protein is probably not as effective as sucrose and trehalose in counteracting the
denaturing effect of Tween 80. In fact, upon addition of the surfactant to the mannitol-based formulation, a
decrease in protein recovery is observed, similarly to what occurs in citrate buffer only.

To further confirm the results obtained for Mb and LDH, their stability during a 24 h storage at 268 K was
monitored, as shown in Figure 9. No freezing was observed in this case, and cold denaturation could
therefore be the only possible explanation for a potential decrease in protein recovery. Such decrease was
not observed in the case of LDH (dashed lines in Figure 9) over the time considered, and the protein activity

was almost completely recovered after 24 h, both in presence and absence of Tween 80. This suggests that
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the decrease in LDH activity observed during the freeze-thaw cycles was mostly related to the formation of
the ice-water interface, in line with previous considerations.5®* Tween 80 did not remarkably affect LDH
stability during storage at low temperature, and its positive effect during the freezing experiments presented
in Figure 6 should therefore be mostly related to inhibition of protein interaction with the ice surface.

The situation was reversed in the case of Mb as model protein (solid lines). In this case, a significant loss
in protein recovery was observed already after 1 h storage at 268 K, and only 64 % or 56 % protein activity
were eventually recovered after 24 h, in absence or presence of Tween 80, respectively. These results
confirm that Mb is unstable in a bulk solution at low temperature, and that its denaturation occurs quickly,
thus explaining why fast immobilization of Mb in a frozen matrix during quench freezing is beneficial. The
effect of Tween 80 is again observed to be detrimental for Mb stability, also during storage at low

temperature.

Some Considerations on Process Performance and Suggestions for Process Development Scientists
In addition to protein stability, process efficiency should also be considered, if the product has to be freeze
dried. As previously mentioned, the ice crystal size corresponds to the pore dimension that is formed within
the dried product, provided that no collapse occurs. A large pore size reduces the resistance to mass
transfer, and promotes the sublimation process, thus resulting in shorter drying times and lower product
temperature, as schematized in Figure 10, where the primary drying time t; and maximum product
temperature Tmax have been calculated as function of cooling rate and nucleation temperature, similarly to
what was done in 42. A fluid temperature and chamber pressure of 253 K and 10 Pa, respectively, have been
considered for simulations of the primary drying step.

Overall, the hope of the authors is that this work may help formulation and process development
scientists working with protein-based therapeutics. Proteins are often stored in the frozen or freeze-dried
state, which is generally preferred over liquid storage because the solid state results in increased stability
and shelf life.85 To distinguish between the two scenarios here identified, i.e., controlling surface-induced or
bulk degradation, a thermodynamic study may first be performed, with the objective to determine the
enthalpy and entropy of protein unfolding/refolding. In this way, the temperature dependence of protein
stability could be resolved®0. Afterwards, the denaturation of a protein solution at low temperature, but in
absence of ice, could be monitored to obtain some kinetic information, as shown in Figure 9. If no significant

aggregation/loss of activity occurs during the typical timescale of a freezing process, as for LDH at pH 6.5 in
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this work, then surface-induced denaturation may be dominant during freezing, and a slow freezing rate may
be beneficial. Addition of surfactants in this case may help to further improve protein recovery, provided that
the surfactant-protein interaction is not detrimental. On the other hand, if the protein being considered
undergoes fast denaturation (i.e., faster than a typical freezing process) during the abovementioned
experiment, as for Mb at pH 3.7 in this work, a fast cooling rate should be used, to entrap the protein in a
solid matrix as quickly as possible. Addition of surfactants in this case may not be necessary, and may even
have detrimental consequences, as observed in this work for myoglobin. If freezing is performed in larger
vessels, fast freezing may also improve the homogeneity of solutes distribution throughout the geometry of
the cake.®¢ In all cases, addition of cryoprotectants, such as the disaccharides sucrose and trehalose, would
be beneficial .64

If the protein formulation has to be stored in the frozen state, storage should be performed below the Ty’
of the matrix to avoid processes triggered by mobility above Ty’ (e.g., protein unfolding and aggregation or
solutes crystallization).66 Considering what is reported in the literature about the effect of thawing on protein
stability2?, a fast thawing rate may be beneficial for both bulk-denaturing and surface-denaturing proteins, as
it minimizes both process duration and the risks of recrystallization. However, the effect of thawing was not
addressed in the present work, and additional investigation is needed on this point. If the objective is to store
the protein in a freeze-dried state, proteins with high bulk stability should be frozen at a slow cooling rate,
which also results in the best process efficiency (Figure 10). However, if the protein being dried is extremely
prone to cold denaturation, a high cooling rate would preserve biological activity the most. If the increase in
drying time resulting from the fast cooling rate is not economically viable, a proper choice of the formulation
(i.e., addition of a sufficient amount of effective cryoprotectants) may still make it possible to obtain an
acceptable protein recovery with a slower cooling rate. The model herein presented is just a first attempt to
describe the freezing behavior of proteins, and the hope is that it will stimulate further studies in this

direction.

CONCLUSIONS

Using the proposed approach, based on mathematical modeling and the use of the design space, two
opposite situations have been studied. If the protein is more stable in the bulk solution than at the ice
interface, the freezing process should be designed so as to result in a small ice-water surface area. This

would also be beneficial for the primary drying step of freeze drying, which could be completed in a shorter
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time and with reduced risk of product collapse. On the contrary, a high cooling rate, resulting in fast
immobilization of the protein in a glassy matrix, should be preferred if the protein being frozen is poorly
stable in solution. This result, suggested by in silico modelling, is confirmed by experimental results for
lactate dehydrogenase and myoglobin as model proteins. Identification of these two opposite behaviors also
makes it possible to improve our understanding of protein stability, by separating the effects of surface-
driven denaturation and cold unfolding. In many cases these two mechanisms are closely interrelated,
making it difficult to distinguish, for instance, the effect of surfactants on the bulk behavior of a protein. Here
we have shown that surfactants are not only involved in surface-driven phenomena, but may also have an
effect on protein conformation in the bulk. Specifically, Tween 80 was found to promote myoglobin unfolding
in the bulk, while stabilizing agents such as sucrose, trehalose, and to a lesser extent also mannitol,
counteracted this denaturing effect. Overall, the data reported in this work suggest that the freezing process
is crucial for protein stability. These considerations may help people involved in the preservation of proteins

and other biomolecules to improve the final recovery of therapeutic activity.
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Table 1. Details of the simulations performed

AH,, kd mol! m, kd mol-* M- A, s Reversible
1 80 4 20102 yes
2 60 1 20102 yes
3 100 4 20101 no
4 80 4 20102 no
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Figure 1: Free energy change AG upon unfolding, calculated for AHp equal to 100 kJ mol-! (blue curve), 80

kJ mol-! (red curve) or 60 kd mol-' (black curve).

Figure 2: Example of model prediction of the protein behavior during freezing at 1 K min-! as cooling rate and
260 K as nucleation temperature. Evolution of (a) sucrose concentration ¢ and solution viscosity y, (b) the
free energy change of unfolding AG including (red curve) or neglecting (black curve) the effect of the
osmolyte, (c) extension of the ice-water surface area (in dm2/g, using the solvent mass as reference) and
percentage of adsorbed molecules, (d) rate constants k, and kr as function of the freezing time. Data refer to
the conditions of simulation 1 in Table 1. The evolution of the shelf temperature Tgsherr is shown on the upper

X-axis.

Figure 3: Percentage of unfolded (U) and native (N) protein molecules as function of the freezing time, in the
case of (a) simulation 1 and (b) simulation 4 in Table 1. Cooling rate and nucleation temperature were 1 K

min-* and 260 K, respectively.

Figure 4: Design space showing the stress for the protein (percentage of unfolded protein, normalized by its
maximum value in the design space), for simulations 1 (a), 2 (b), 3 (c) and 4 (d) in Table 1. The red isocurves
identify the conditions resulting in the same total extension of the ice-water surface area, reported in dmz/g

(solvent mass is used as reference) on the curves.

Figure 5: Design space showing the stress for the protein (percentage of unfolded protein, normalized by its
maximum value in the design space), for simulations 3 (a), and 4 (b) in Table 1. The effect of protein
concentration in the case of dominant surface-driven denaturation (a) or controlling bulk unfolding (b) is
illustrated. The red isocurves identify the conditions resulting in the same total extension of the ice-water

surface area, reported in dm2/g (solvent mass is used as reference) on the curves.
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Figure 6: Percentage of LDH recovery after shelf-ramped freezing at 1 K min-! (grey bars) or quench freezing
(blue bars), both in presence (plain bars) and absence (dashed bars) of Tween 80, as measured from (a) the
increase in absorbance at 450 nm due to the enzymatic reduction of NAD to NADH or (b) the increase in OD
at 500 nm. For panel (a) data have been normalized relative to the formulation before freeze-thaw. For panel
(b) data have been normalized relative to the buffer only formulation after shelf-ramped freezing (in absence

of surfactant).

Figure 7: Percentage of myoglobin recovery after 1 (dashed bars) and 3 (colored bars) freeze-thaw cycles
performed using the VISF controlled nucleation technique (black bars), shelf-ramped freezing at 1 K min-
(blue bars) or quench freezing in liquid nitrogen (orange bars), as measured from the decrease in OD at 280

nm (a) or 410 nm (b). Data have been normalized relative to the formulation before freeze-thaw.

Figure 8: Percentage of myoglobin recovery after one freeze-thaw cycle, as measured from the decrease in
OD at 410 nm. Different formulations were considered, including 5% mannitol, 5% sucrose, 5% trehalose, or
citrate buffer only, both in absence (dashed bars) and presence (grey bars) of Tween 80. Data have been

normalized relative to the formulation before freeze-thaw.

Figure 9: Protein recovery as function of time, in non-frozen samples, during storage at 268 K. Both 0.1
mg/ml Mb in sodium citrate buffer at pH 3.7 (solid lines) and 0.1 mg/ml LDH in sodium citrate buffer at pH 6.5
(dashed lines) were considered, either in presence (red line, square symbol) or absence (black line, circle

symbol) of 0.01 % w/v Tween 80.

Figure 10: Design space showing the primary drying time t; and the maximum temperature Tmax reached
within the product as function of nucleation temperature and cooling rate used during the freezing phase. A
fluid temperature and chamber pressure of 253 K and 10 Pa, respectively, have been considered for

simulations of the primary drying step.
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