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Small-angle neutron scattering was employed to study protein
crowding under freezing conditions that mimic those used in phar-
maceutical processing. The results demonstrate that, although there is
an increase in heterogeneity as the temperature is reduced, sorbitol
reduces protein crowding in both solution and freeze-concentrated
phases, thus protecting the protein from forming oligomers or irre-
versible aggregates.

Proteins are widely used as therapeutics for numerous diseases
and conditions. Protein stability during processing and storage
without any chemical and physical degradation is of great
interest for the development of commercial applications. Many
proteins are stored as frozen or freeze-dried (lyophilized)
materials to minimize chemical and physical degradation
during their shelf life. The stability of proteins in these solid
states}, as well as in solution, is influenced by temperature, pH,
concentration, co-solutes and additives such as surfactants.'?
During the freezing of protein solutions, a major fraction of
water molecules forms crystalline ice. The remaining water
molecules and all of the other solutes, including the protein and
other excipients, remain mainly in the amorphous phase® and
form a freeze-concentrated region with a mass fraction of water
around 30%.* Freezing often causes destabilization of the
protein, which may result in unfolding and irreversible
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aggregation due to (1) an increase in the protein concentration,
(2) changes in protein-protein interactions, (3) changes in pH,
(4) changes in the buffer salt concentration or ionic strength, (5)
reduction of hydrophobic interactions due to dehydration of the
protein, and (6) the formation of ice-solution interfaces.*®

Different formulations are developed to reduce these effects
during processing and storage. For instance, changes in pH can
be controlled during the freezing process by optimal choice of
buffer or by decreasing the buffer concentration, whereas
protein degradation at ice-water interfaces can be controlled by
minimizing the surface area of ice crystals, increasing the
protein concentration or by using surfactants.” It has been
suggested that surfactants reduce the formation of insoluble
aggregates at interfaces by directly binding to the proteins and/
or by competing with the protein for adsorption on denaturing
surfaces such as ice-solution interfaces.*®

Polyhydroxy compounds, including carbohydrates (sugars)
and sugar-alcohols, are also well-known cryo- and lyo-protec-
tors, which minimize destabilization of proteins and biological
systems during freeze-drying processes. Their extensive
hydrogen bonding capacity and ability to form amorphous
(glass) phases are believed to contribute to their protective
properties. However, phase separation, crystallization of solute
and ice formation all can contribute to the destabilization of
proteins, even in the presence of polyhydroxy components.***¢

Preferential hydration has been proposed as a mechanism of
protein stabilization in aqueous solutions containing carbohy-
drates.’”*® In this scenario, the solute (sugar molecule) is pref-
erentially excluded from the surface of the protein resulting in
an increase in the chemical potential of the protein, which
favors the native structure of the protein.' The same mecha-
nism has also been invoked as one possible explanation for the
stabilization of proteins during freezing.'>* During the drying
process, the solute is thought to continue to protect the protein
either through the glassy immobilization mechanism,** where
the viscosity is sufficiently high to prevent destabilization, or
the water replacement hypothesis, where the solute replaces the
hydrogen bonds of water as it is removed.'® These studies point

This journal is © The Royal Society of Chemistry 2014


http://dx.doi.org/10.1039/c4sm00600c
http://pubs.rsc.org/en/journals/journal/SM
http://pubs.rsc.org/en/journals/journal/SM?issueid=SM010023

Published on 02 April 2014. Downloaded by National Institutes of Standards & Technology on 22/05/2014 14:43:30.

Communication

out that the carbohydrate molecules must be in the same phase
as the protein to act effectively as stabilizers.

Characterization of protein structure and interactions in
solutions, freeze-concentrated solutions, and dried systems is
essential to both designing stable biopharmaceutical products
and understanding the mechanisms of lyo- and cryo-protection
of biological systems. Small-angle neutron scattering (SANS)
uses low-energy thermal neutrons to probe information on nm
to pm length scales without degrading the sample, making it a
well-suited technique to study the mesoscopic structure of
proteins in a variety of phases. In particular, SANS can investi-
gate the nature of protein crowding and phase separation in the
presence and absence of polyhydroxy components, providing
insight into the interactions between the protein and solute
molecules during all stages of the freeze-drying process. In this
work, SANS was used to investigate protein crowding in the
solution and freeze-concentrated phases using model systems
consisting of lysozyme, sorbitol and water.

To mimic protein crowding during freezing, high water
content (HWC) and low water content (LWC) samples were
prepared with the same protein to sorbitol weight ratio. In this
case, “water” refers to D,O, which was used to reduce the
background scattering due to hydrogen atoms. The HWC con-
sisted of a D,O mass fraction of 80%, a sorbitol mass fraction of
15%, and a lysozyme mass fraction of 5%, and the LWC con-
sisted of a D,O mass fraction of 30%, a sorbitol mass fraction of
52.5%, and a lysozyme mass fraction of 17.5%. SANS
measurements in the temperature range of 298 K to 100 K were
performed on the 30 m SANS instruments at the National
Institute of Standards and Technology (NIST), Center for
Neutron Research (NCNR) in Gaithersburg, MD.* The cooling
rate was 4 K per minute and the heating rate was 2.6 K per
minute. Sub-ambient DSC measurements were performed at
Amgen, Inc. in Thousand Oaks, CA in a similar temperature
range using the same cooling and heating rates. Details of the
sample preparation, SANS theory, SANS and DSC measure-
ments, and data treatment are presented in the ESL

SANS scattering intensity I(g) vs. g curves for both the HWC
and LWC in the studied temperature range are shown in Fig. 1.
47 sin 0

A
the scattering angle. The measurements were made during both

cooling and heating cycles to investigate the change in hetero-
geneity of the solutions, phase separation, protein interaction
distance, hysteresis and possible irreversible changes in the
scattering profiles. The data can be divided into two regions: the
low-q scattering intensity (LQS), defined by the g¢-range
0.002 A™* to 0.025 A™', and the high-q scattering intensity
(HQS), defined by the g-range 0.025 A~ to 0.25 A~ *. The LQS
corresponds to length scales of 10 nm to >1 um and the HQS
represents length scales from 1 nm to 10 nm.

In this work, heterogeneity of the system is ascribed to a
change in the LQS or HQS that represents structural changes on
its corresponding length scales. The LQS for both the HWC and
LWC is observed to increase upon cooling from 298 K to 100 K,
indicating an increase in large-scale heterogeneities in the 10

Here, g = , where 1 is the neutron wavelength and 240 is
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Fig.1 SANS/(g) vs. g curves during cooling from 298 K to 100 K for the
(A) HWC and (C) LWC, and during heating from 298 K to 100 K for the
(B) HWC and (D) LWC. The sharp cutoff of the dataat g = 0.2 A~in (C)
and (D) is a shadowing effect due to the sample holder geometry. Error
bars represent standard deviations calculated from counting statistics.
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nm to >1 um size range due at least in part to newly formed ice-
solution, air-solution and air-ice interfaces. The exception is
the HWC at 213 K, in which the LQS is essentially the same as at
298 K. It was confirmed from DSC experiments (ESI, Fig. S3t)
that ice could form below 213 K in both the HWC and LWC.
Thus, an increase in the LQS upon cooling to 213 K is expected.
The lack of increase in the scattering at 213 K could be due to
minimal formation of air bubbles in the initial stage of ice
formation.

In the HQS region of both the HWC and LWC, an interaction
peak is present at ¢ = 0.07 A~'. The intensity of this peak tends
to decrease upon cooling, while a second peak becomes visible
atg = 0.17 A~ indicating an increase in heterogeneities in the
1 nm to 10 nm size range, due at least in part to a change in the
partitioning of the protein and sorbitol. The changes observed
upon cooling in both the LQS and HQS are reversible when the
system is reheated to 298 K (Fig. S41). However, some hysteresis
in the shape of the SANS curves is observed at 170 K and 213 K.
Data taken on the D22 SANS instrument at the Institut Laue-
Langevin using different cooling and heating rates showed
qualitative agreement with the NIST data (data not shown).

The SANS data were fit to the “broad peak” function using
the IGOR program with SANS macro-routines developed at the
NCNR.” This function describes the scattering intensity at low g
with a power law term and the intensity at high g with a term
that resembles a Lorentzian function, except that the exponent,
m, is not restricted to a value of 2. The function is defined as

4 c B
BTG
where 7 is the power law exponent, found from the LQS, and g,
is the position of the peak in the HQS. (See the ESIT for further
details.) The morphologies of the larger structures in the
sample can be identified on the basis of n, where n = 4 indicates
particles with a smooth surface, 3 < n <4 indicates particles with
a rougher surface, and 2 < n < 3 indicates a more network-like
structure. Furthermore, the average center of mass distance, d,
between the scattering particles can be found based on g, such
that d = 27/q,. This is hereafter referred to as the d-spacing. The
power law exponents and peak positions found for both the
LWC and HWC are listed in Table S1.t

For both the LWC and HWC, the LQS decays with a power
law exponent, n, that is between 3 and 4, indicative of rough
interfaces. (The exception is the LWC at 298 K, which has n < 3
and is discussed below.) The values of n are closer to 3 at 298 K
and increase to =4 as the temperature decreases to 100 K,
accompanied by an increase in the LQS. The process is revers-
ible as n returns to its original value upon warming back to 298
K (Fig. S41). This behavior is similar to that observed for 70%
sorbitol, 30% D,O solutions in the absence of protein,* lyso-
zyme solutions in the absence of sorbitol upon freezing,>>*® as
well as for frozen D, 0 solutions.?® This scattering is indicative of
extensive heterogeneity on the length-scale of 10 nm to >1000
nm that becomes more pronounced as the samples are cooled.
Given the values of the power law exponent, the scattering was
attributed to air bubbles that coalesce and increase in size in the
glassy or frozen phases. Using SANS and contrast variation, it

1(q)
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was verified that both the ice-air interfaces and large, loosely
associated lysozyme oligomers contribute to the LQS of frozen
lysozyme samples.”*** SANS and WANS results for 70% sorbitol,
30% D,O solutions implied that there is also increased long-
range heterogeneity developed below the calorimetric glass
transition temperature.**

The LWC at 298 K has a power law exponent n < 3, implying a
network-like structure (ESI, Fig. S21). MD simulations of solu-
tions containing more than =50% sugar®” suggest that the data
might be explained by a space filling network of sorbitol.
However, such a structure is less consistent with the increase in
n with decreasing temperature. The higher values of n are more
consistent with protein oligomers and/or micron-sized clusters
of crowded protein molecules, such as those observed by
dynamic light scattering for aqueous solutions of glucose,
maltose and sucrose.?® Static and dynamic light scattering with
nanoparticle tracking studies of solutions of low molar mass
compounds also confirmed the existence of similar hetero-
genieties.* Therefore, the LQS of the HWC and LWC contains
contributions from large lysozyme-sorbitol clusters, lysozyme
oligomers and possibly air-solution interfaces that increase
upon cooling.

At 298 K, both the LWC and HWC have a main interaction
peak at ¢ = 0.07 A~ in the HQS (Fig. 1). This peak is attributed
to crowded lysozyme molecules with a d-spacing of approxi-
mately 90 A. Even though the protein concentration in the LWC
is more than three times that in the HWC, the interaction peak
is observed to be in the same position in both cases. This
behavior is not explained by a simple repulsive interaction
between particles, where the peak position increases with
increasing particle concentration (details in the ESIf), as is
observed for the lysozyme solutions in the absence of sorbitol.>
Rather, the HWC and LWC contain sorbitol-rich clusters of
crowded lysozyme molecules that are the same distance apart,
whereas the average concentration of solvent between clusters
differs significantly. This fact alone indicates significant
heterogeneity in the samples, even at room temperature.

As the temperature is lowered, a decrease in the intensity of
the main interaction peak and the appearance of a second
interaction peak at ¢ = 0.17 A~', d-spacing = 37 A, were
observed for both the HWC and LWC (Fig. 1). The second
interaction peak is attributed to an additional population of
crowded lysozyme clusters, which is presumed to be lower in
the sorbitol content to allow closer packing of lysozyme mole-
cules. The decrease in the intensity of the main interaction peak
occurs due to partitioning of lysozyme molecules into the
second crowded population and/or into larger oligomers that
contribute to the scattering in the LQS. The second interaction
peak with a d-spacing of =37 A is detectable even at 298 K for
the LWC (Fig. 1C and D). This is perhaps not unexpected due to
the much higher lysozyme concentration in the LWC.

The existence of two populations of lysozyme clusters at 298
K for the LWC is consistent with liquid-liquid phase separation
(LLPS). This is similar to the behavior seen for lysozyme solu-
tions in a 0.4 M NacCl solution, where LLPS was observed above
the freezing point of water.>® While no visible precipitate was
observed in the LWC at temperatures between 277 K and 298 K,
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it is certainly possible that precipitates were present at 213 K
and below in both the LWC and HWC, as SANS measures
scattering particles whether they are in solution or suspension.
However, the LLPS was observed by SANS in the LWC even in
the absence of visible precipitation or phase separation.

A comparison of the HQS of lysozyme with and without
sorbitol in the solution and freeze-concentrated phases is
shown in Fig. 2. For lysozyme in the absence of sorbitol, the d-
spacing is =70 A at 293 K (Fig. 2A) and that of the HWC and
LWC is =90 A at 298 K (Fig. 2B and C). The larger distance
between molecules in the HWC and LWC due to the presence of
sorbitol in the clusters implies reduced deleterious intermo-
lecular associations, meaning that irreversible aggregation and
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Fig.2 SANSI/(q) vs. g curves for (A) lysozyme in the absence of sorbitol,
(B) the HWC and (C) the LWC at room temperature and at the lowest
measured temperatures. Error bars represent standard deviations
calculated from counting statistics.
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oligomerization are less likely. This is especially important for
the LWC, as the lysozyme concentration is 1.75 times higher
than that in the sample without sorbitol. Thus, the d-spacing
would be less than 70 A if sorbitol were not present to reduce the
protein crowding.

The d-spacing of lysozyme in the absence of sorbitol changes
dramatically upon freeze-concentration (Fig. 2A), to =30 A at
193 K, suggesting that lysozyme is essentially close-packed in
the freeze-concentrated phase.” This observation is in contrast
to the HWC and LWC (Fig. 2B and C), where the d-spacing of
=90 A persists down to 100 K even in the presence of the second
population with a d-spacing of =37 A. Thus, sorbitol reduces
protein crowding in the second population compared to the
sample without sorbitol. But, the most protection from delete-
rious intermolecular associations is afforded to the lysozyme
molecules in the population with a d-spacing of =90 A, since
this population persists in the freeze-concentrated phase.

Conclusions

In this work, for the first time, protein crowding of model
systems was investigated under freezing conditions that are
typically used in pharmaceutical processing. SANS techniques
were employed as a unique tool to detect protein crowding,
phase separation and increase in large-scale heterogeneity in
high water content (HWC) and low water content (LWC)
samples that were prepared with the same protein to sorbitol
weight ratio in the temperature range of 298 K to 100 K. The
experiments revealed (1) changes in SANS scattering curves
upon cooling that are completely reversible upon heating back
to 298 K, (2) large-scale (10 nm to >1 pm) heterogeneities in both
samples that increase upon cooling due to the formation of
additional interfaces and contributions from large lysozyme
and/or sorbitol structures, (3) heterogeneities on the 1 nm to 10
nm scale at 298 K, consisting of sorbitol-rich clusters of crow-
ded proteins surrounded by areas of water containing little or
no protein or sorbitol, (4) a second population of sorbitol-poor
clusters of crowded proteins at 298 K in the LWC, with the
average spacing between proteins about one-third less than the
first population of clusters, (5) an identical sorbitol-poor pop-
ulation in the HWC that becomes visible at 213 K and below,
and (6) that the sorbitol and protein do not phase separate in
the freeze-concentrated state.

The results demonstrate that sorbitol reduces protein
crowding in both the solution and freeze-concentrated phases,
thus protecting the protein from forming oligomers or irre-
versible aggregates. However, further phase separation may
occur during drying®® such that the larger d-spacing population
may not persist in the dry phase.*® Additional SANS studies of
lysozyme-sorbitol samples after drying, storage and rehydration
are expected to provide a better understanding of protein-solute
interactions during all stages of processing.
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