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Sugar molecules as a physical barrier iy

separating therapeutic antibody proteins
in freeze-dried formulations: small-angle X-ray
scattering insights

Sebastian Groél', Ricarda Nagel', Jonas Binder', Michael Sztucki?, Wolfgang FrieR', Tim Menzen?,
Gerhard Winter'” and Evgenyi Shalaev*

Abstract

The paper investigates structure of freeze-dried formulations of a therapeutical monoclonal IgG, with non-reducing
disaccharides, sucrose and trehalose, as lyoprotectors. Formulations with variable sugar-to-protein ratios are manu-
factured using different freeze-drying protocols and post-drying temperature treatments. Small-angle X-ray scatter-
ing (SAXS) is applied to study packing arrangements of IgG, molecules in the crowded solid-state environment. The
retention of amorphous structure by the lyoprotectors is confirmed with the simultaneous wide-angle X-ray scatter-
ing (WAXS) tests. The new finding is the observation of two IgG, SAXS peaks in the crowded environment, with posi-
tion of one peak (peak A) changing with sugar-to-protein ratio, whereas the second peak (peak B) position is similar
in all the formulations tested. The protein center of mass distance, which is calculated from the position of the peak
A, increases with the increase in sugar content from 45 A to 65 A (sugar-to-protein mass ratio 0.79 to 7.95). Sugar
molecules therefore serve as a physical barrier between IgG,; molecules. While the sugar-to-protein ratio significantly
impacts protein separation, other factors, such as disaccharide type, presence of a surfactant, or drying process

and post-drying thermal treatment, have minimal effect. The origin of the peak B has not been established yet,

with three hypotheses considered. The results highlight applicability of SAXS for quantification of separation distances
between protein molecules in freeze-dried formulations, thus improving the fundamental understanding of the sta-
bility of protein drugs.
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Introduction

Protein drugs are used to treat a broad range of dis-
eases, including e.g., cancer, diabetes, and immunologi-
cal disorders (Urquhart 2023). While many proteins are
sufficiently stable to formulate them as ready-to-use
solution, there are also many cases of protein molecules
which are insufficiently stable in aqueous solutions
(Frokjaer and Otzen 2005). A standard way to improve
stability is to remove water by lyophilization (freeze-
drying), (Gatlin and Nail 1994). However, freeze-drying
itself may also destabilize protein molecules. Therefore,
lyoprotectors are used to ensure protein stability dur-
ing both freeze-drying and storage. The non-reducing
disaccharides, sucrose and trehalose, represent the
most common lyoprotectors (Izutsu 2018). The sug-
ars may protect proteins via multiple pathways, which
are not necessarily exclusive, including water replace-
ment, water entrapment, anchorage, molecular mobil-
ity modification, and stabilization of the ionization
state of amino acid residues upon dehydration (Arsic-
cio and Pisano 2018; Lerbret et al. 2012; Cicerone et al.
2015; Hill et al. 2005). In addition to these mecha-
nism, sugars may also provide protection against the
most common degradation mechanism, aggregation,
by serving as a physical barrier between protein mol-
ecules, increasing the distance between protein mole-
cules and preventing close contacts (Chang et al. 1996a;

Pérez-Moral et al. 2010; Strickley and Anderson 1997).
Protein packing arrangements in crowded environ-
ments, including frozen solutions and freeze-dried for-
mulations, has been studied by small-angle X-ray and
neutron scattering (SAXS and SANS) methods. In the
majority of cases, a single SAXS or SANS peak, which
was commonly referred as protein—protein interac-
tion peak, was observed (Curtis et al. 2012a, 2012b;
Khodadadi et al. 2014; Castellanos et al. 2018, 2016).
The position of the peak corresponds to the center-of-
mass distance between protein molecules (Curtis et al.
2012a, 2012b; Phan-Xuan et al. 2020). In several lyo-
philized formulations of bovine serum albumin (BSA)
with disaccharides, two SANS or SAXS peaks were
detected (Cristiglio et al. 2024). The two peaks were
proposed to originate from two populations of pro-
tein molecules with different protein—protein sepa-
ration distances. Two SAXS & SANS peaks were also
observed in a freeze-dried glucose:lysozyme 3:1 (w/w)
formulation, whereas disaccharides:lysozyme mixtures
all had a single protein peak (Cristiglio et al. 2024).

In this study, we use SAXS to study IgG; molecules
packing in freeze-dried formulations as a function
of disaccharide-to-protein ratio and processing his-
tory. Two SAXS peaks are detected in all formulations
tested. Position of peak A, which is identified as the
protein interaction peak, changes with sugar-to-protein
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ratio, while the origin of the second peak, peak B, is
uncertain, with three hypotheses proposed. A correla-
tion between sugar-to-protein ratio and protein separa-
tion distance, as calculated from the position of SAXS
peak A, is observed. Several other formulation and
process variables, which are tested in this study, have
a minimal impact on the separation distance between
protein molecules.

Material and methods

Preparation of formulations

The IgG,; monoclonal antibody was used as 150 mg/ml
stock solution in 20 mM Histidine (Alfa Aesar, Ward
Hill, MA, USA) buffer pH 5.5. Sucrose (Sigma-Aldrich,
Steinheim, Germany), trehalose (VWR International,
Radnor, PA, USA) and polysorbate 20 (Croda, Edison,
NJ, USA) were spiked to this solution to get the formu-
lations according to Table 1. The finalized formulations
were filtered with a 0.22-um PES Sartolab® RF vacuum
filter unit (Sartorius AG, Goettingen, Germany) and 1
ml of the solutions were filled in 2R vials (MGlas AG,
Muennerstadt, Germany). West 13-mm Lyo Nova Pure
RS 1356 4023/50 G stoppers were used. Trehalose was
obtained from VWR International, Radnor, PA, USA,
sucrose from Sigma-Aldrich, Steinheim, Germany and
polysorbate 20 (PS20) from Croda, Edison, NJ, USA.
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Freeze-drying protocols

The freeze-drying protocols can be found in Supp 1. The
conventional cycle (con.) reflects a conservative drying
cycle keeping the product temperature below T, during
primary drying. The collapse drying cycles (col45°C and
col55°C) exceed the collapse temperature of the formula-
tions (T,) during primary drying. The processes 45°C16h
and 70°C2h, include a post-drying tempering step 45
°C for 16 h and 70 °C for 2 h, respectively. This process
step was executed after freeze-drying with already closed
vials and thus is an additional exposure of the samples
to elevated temperatures. This should lead to structural
relaxation of the amorphous samples which has been
connected with increased protein stability (Abdul-Fattah
et al. 2007). As this step is referenced as annealing step
in the research area of amorphous substances and other
publications, the word “tempering” was used instead to
clearly distinguish from the “annealing process” in the
freezing step of a lyophilization cycle (Luthra et al. 2008;
Groél et al. 2023). For the tempering processes, products
created by the conservative cycle were used.

Residual water (r.w.)

A coulometric Karl-Fischer Titration was utilized to
measure the r.w. of the samples. An Aqua 40.00 Vario
plus head space titrator (ECH Elektrochemie Halle
GmbH, Halle (Saale)) was used. The lyophilized samples
were grounded and partly transferred into a measure-
ment 2R vial under dry nitrogen atmosphere. For struc-
tural collapsed samples, 0.5 ml methanol, Dry, HydranalvrM

Table 1 Concentration of sugar, surfactant, and protein in the pre-lyophilization solutions and properties of the lyophilized products.
See Materials and Methods for samples details. Standard deviations of residual water content and post-lyo aggregates are for n=3.

sample ID sucrose [g/L] trehalose [g/L] ps20 1gG; mAb residual water Tq Aggregates Aggregates
[g/L] [g/L] after freeze-drying pre-lyo [%, peak post-lyo [%, peak
[%] area] area]
con_50_ps20_suc 7945 - 04 50 1.05+0.04 726 033 0.57+0.03
45°C16h_50_ps20_suc 7945 - 04 50 0.98+0.13 77.8 0.62+0.05
70°C2h_50_ps20_suc 7945 - 04 50 1.06£0.00 726 0.49+0.06
col45°C_50_ps20_suc 7945 - 04 50 1.01+£0.13 78.3 0.50+0.02
col55°C_50_ps20_suc 7945 - 04 50 0.54+0.04 70.5 0.63+0.06
con_50_w/o_suc 7945 - - 50 1.00+0.03 744 033 0.57+0.05
col45°C_50_w/o_suc 79.45 - - 50 0.88+0.12 80.3 0.52+0.01
con_10_ps20_suc 7945 - 04 10 1.20+0.03 643 040 043£0.05
con_30_tre - 79.45 0.4 30 0.93+0.05 1124 043 0.24+0.06
con_50_tre - 79.45 0.4 50 0.81+£0.02 108.8 041 0.81+£0.02
con_100_tre - 79.45 04 100 0.64+0.01 1322 041 0.33+0.04
col45°C_30_tre - 79.45 04 30 3.39+0.08 792 043 0.22+£0.04
col45°C _50_tre - 7945 04 50 0.70£0.11 1162 041 0.91+0.04
col45°C_100_tre - 79.45 04 100 0.72+0.03 1530 041 0.93+£0.04
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(Honeywell Chemicals, Charlotte, NC, USA) was added
to the measurement vial to extract all water. The vials
were heated in an oven (70 °C for methanol containing
samples, 100 °C for all other samples) to transfer the
water with the gas stream into the measurement cell.

Differential scanning calorimetry and freeze-drying
microscopy.

A differential scanning calorimeter Mettler Toledo DSC
821e (Mettler Toledo, Gieflen, Germany) was used to
determine the values of Tg (glass transition tempera-
ture of the freeze-dried formulations) and Tg’ For the
Tg of the solids, about 5-15 mg of a freeze-dried sample
was transferred to an aluminum crucible in a controlled
atmosphere with a humidity<10%. An empty crucible
was used as reference pan and the crucibles were hermet-
ically sealed. A modulated scanning mode was utilized
with a heating rate of 2 K/min, a period of 2 min and an
amplitude of 1 K. To analyze the data, the obtained curve
was extracted in a reversing, non-reversing and total
curve. The reversing curve was used to determine the Tg
as inflection point of the change in heat capacity.

To determine the Tg’ of the Liquid formulations, 10 pl
of the sample was transferred to the aluminium crucible
and hermitically sealed. The Tg’ was then determined by
freezing the solution to —50 °C with a cooling rate of 10
K/min. After a hold time of —50 °C for 10 min, the sam-
ples were heated with 10 K/min to+20 °C and the T, was
determined from the heating curve as inflection point of
the heat capacity.

The collapse temperature of the formulations was
investigated using an optical Olympus BX53M micro-
scope combined with a Linkam stage. 3 ul of the liquid
sample was pipette on the sample holder and frozen to
—45 °C. The temperature was ramped with 0.1 °C/min
and the collapse temperature determined when the first
ruptures in the solid matrix were observable.

Size Exclusion Chromatography (SEC)

IgG, aggregation before and after freeze-drying was
measured by SEC. Separation was conducted with a
Waters 2695 Separation Module (Waters GmbH, Esch-
born, Germany). To determine the content of soluble
aggregates a Tosoh TSKgel G3000 SWXL column (Tosoh
Bioscience, Griesheim, Germany) was utilized apply-
ing a flowrate of 1 ml/min. The elution buffer consists of
100 mM sodium phosphate pH 7.0 containing 200 mM
sodium chloride. A Waters 2487 Dual X Absorbance
Detector (Waters) at the wavelength of 280 nm was used
for detection. For the 2 g/l formulations, 20 pl reconsti-
tuted sample was injected, whereas formulations with
higher protein concentrations were diluted to a concen-
tration of 5 g/l and 10 pl were injected. To determine the
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amount of aggregates, the area in mAU of the monomeric
protein peak as well as the higher molecular weight spe-
cies (protein aggregates) were integrated. The area of the
protein aggregates was then expressed as percentage area
in relation to the total peak area.

Small and wide-Angle X-Ray Scattering

SAXS/WAXS experiments were conducted at the ID02
beamline of the European Synchrotron Radiation Facil-
ity, Grenoble, France (Narayanan et al. 2022) using an
X-ray energy of 1A. The detector was a Eiger2X 4M pixel
detector (Dectris) at a sample to detector distance of 1 m
for SAXS and a RayoniX LX 170HS ccd camera at a sam-
ple to detector distance of 120 mm for WAXS. The 2D
scattering images were normalized to absolute units and
azimuthally averaged using standard procedures. The
samples were quickly transferred to capillaries of 1.5 mm
diameter (Hilgenberg, Malsfeld, Germany) to avoid water
absorption and sealed for the measurements. A mass of
approximately 20 mg was sampled by introducing a glass
capillary top-to-bottom into the intact lyophilizate at
multiple locations of the vial. During this, the lyophilizate
in the capillary was gently compressed to ensure an ade-
quate scattering signal from the sample. 10 images were
recorded along the capillary and averaged to improve sta-
tistics. The instrumental background and scattering of an
empty capillary were subtracted.

Position of the peaks was determined by fitting a pol-
ynomial function of the 5th order in the log—log-plot
to the measured SAXS curves and using the respective
maximum values fitted (fitting example in Supp. 5). A
power law was utilized to fit the scattering in the low q
region. The distance between the proteins was calculated
from the q according to Eq. 1.

_27[
q

d (1)

Results

The water content of the majority of samples is deter-
mined to be between 0.5 to 1.6 wt %, with one sample
having a higher water content of 3.4 wt% (Table 1).
In the group of the sucrose samples containing 50 g/l
protein only one sample (col55°C_50_ps20_suc) differs
more than 0.1% in value from the other samples. The
trehalose samples have residual water content less than
1 wt%, with the single exception of one of the collapsed
trehalose sample (col45°C_30_tre) with 3.4 wt % water.
All formulations are amorphous, based on the WAXS
data (representative WAXS patterns are provided in
Supp. 3). Most freeze-dried samples have slightly higher
level of aggregates as compared to solutions prior lyo-
philization, with the maximal difference of 0.5% for 3
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trehalose formulations (Table 1). In two of the formula-
tions (con_30_tre and con_100_tre) post-lyo aggregates
level was slightly lower than pre-lyo. Overall, strong
formulation- and manufacturing process-related trends
are not observed for the protein aggregation by SEC
and residual water content data. Detailed information
of the specific surface area of the lyophilized cakes can
be accessed in the supplementary material. The surface
area provides information about the microscopic struc-
ture of the cake and indicates through a decrease in
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Fig. 1 SAXS patterns of freeze-dried samples with different IgG,
concentration in the presence of 79.45 g/l trehalose (corresponding
sugar-to-protein ratios of 2.65 in green, 1.59 in blue and 0.79 in red).
Arrows indicate the peak regions
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specific surface area the successful rupture of the struc-
ture of the samples that are described as collapsed.

Representative SAXS curves for mAb formulations
with different trehalose-to-protein ratios are presented
in Fig. 1. Scattering intensity in the low-angle scatter-
ing region (q<0.05 A™?) follows the power law exponent
function with the slope (p, Porod invariant) equal to 4.
A Porod invariant value of 4, which indicates scattering
structures with well-defined sharp interfaces (Narayanan
et al. 2008), is typical for freeze-dried formulations with
porous morphology with extensive air/solid interfaces
(Phan-Xuan et al. 2020; Cristiglio et al. 2022).

Two broad overlapping peaks are observed in the
higher-angle scattering region. In the 100 mg/ml sam-
ples (lowest trehalose:mAb w/w ratio of 0.8:1), peak A
is shifted to higher q, as compared to formulations with
higher trehalose-protein ratio. The d-spacing for peak
A increases from 46 A to 59 A with sugar/protein ratio
increase from 0.8 to 2.65 (Table 2). The position of peak
B, at q~0.18 A1 (d-spacing~35 A), is similar for the
formulations with different trehalose-to-mAb ratio, with
d-spacing differences of 4 A or less (Table 2). The same
trend is observed for sucrose formulations; the increase
in sucrose/protein ratio from 1.6:1 to 8:1 (50 and 10 g/l
mADb, respectively) results in the shift of the peak A to
lower q (higher d-spacing) while the peak B position is
essentially ratio independent (Table 2). In the formu-
lation with 40:1 sucrose-to-protein ratio (2 g/l mAb),
protein interaction peaks are not detected in the SAXS
patterns, probably because of very low protein concen-
tration (Supp. 4b).

Table 2 Position of the protein interaction peaks, g, obtained by fitting the SAXS curves, and corresponding d = spacing values (Eq. 1).
See Materials and Methods for samples details including freeze-drying conditions (conservative cycle and cycle with collapse) and
post-drying tempering (annealing) treatment (sample names starting with 45°C and 70°C)

Sample Sugar/Protein ratio peak A, q, [A™"] peak B, q, [A~"] peak A, d [A] peak B, d [A]
[#]
con_50_ps20_suc 1.59 0.1240 0.1735 50.7 36.2
45°C16h_50_ps20_suc 1.59 0.1249 0.1725 50.3 364
70°C2h_50_ps20_suc 1.59 0.1220 0.1726 515 36.4
col45°C_50_ps20_suc 1.59 0.1195 0.1736 526 36.2
col55°C_50_ps20_suc 1.59 0.11952 0.1721 52.6 36.5
con_50_w/o_suc 1.59 0.1193 0.1736 52.7 36.2
col45°C_50_w/o_suc 1.59 0.1205 0.1721 51.2 36.5
con_10_ps20_suc 7.95 0.0981 0.1954 64.1 344
con_30_tre 265 0.1060 0.1750 593 359
con_50_tre 1.59 0.1229 0.1725 51.2 364
con_100_tre 0.79 0.1367 0.1940 46.0 324
col45°C_30_tre 2.65 0.1021 0.1765 61.6 356
col45°C _50_tre 1.59 0.1146 0.1754 56.4 358
col45°C_100_tre 0.79 0.1371 0.1940 458 324
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Fig. 2 Protein interaction peaks in SAXS patterns of freeze-dried IgG, formulations at different sugar to protein ratios (corresponding 2.65 for 30
g/l, 1.59 for 50 g/l and 0.79 for 100 g/l) and processing conditions. a) and b) trehalose matrix processed conventional or with collapse with protein
concentrations from 30 g/L to 100 g/L. ¢) and d) sucrose matrix 50 g/L processed with 5 different freeze-drying conditions. Examples of complete
SAXS curves are provided in in Supp. 3 to demonstrate that lower g scattering slope is similar between different formulations

Exemplary SAXS curves for samples with different
processing history, including intentional collapse during
primary drying and post-drying annealing, are shown in
Fig. 2. Post-drying temperature treatment (45°C/16h and
70°C/2h) does not result in a noticeable change in the
positions of both SAXS peaks.

The SAXS results are summarized in Table 2 and
Fig. 3, which demonstrates that the position of peak B is
essentially constant (within 4 A) between formulations
tested, while the d-spacing for peak A increases with the
increase in the sugar-to-protein ratio. Manufacturing his-
tory does not have a major impact on either peak A or B,
although in collapsed PS20-containing sucrose 50 g/l and
trehalose 30 g/l and 50 g/l formulations, a minor d-spac-
ing shift from 2 to 5 A for peak A is observed.

Exchanging trehalose against sucrose does not impact
the overall SAXS curve appearance (two protein peaks),
the low-angle portion of the SAXS region (Fig. 4), and the
peaks’ positions (Fig. 4, Table 2). Furthermore, formula-
tions prepared with and without PS20 have similar SAXS
patterns (Supp. 5) and peaks positions (Table 2, Fig. 3).

Discussion

Protein—protein interactions in crowded environment,
such as in frozen solutions and freeze-dried materials,
have been studied by SAXS and SANS, with both meth-
ods providing comparable results (Curtis et al. 2012a,
2012b; Castellanos et al. 2018, 2016; Cristiglio et al. 2022,
2024). Freezing of protein solutions removes the majority
of water in the form of ice crystals, with water content
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Fig. 4 SAXS patterns of freeze-dried formulations prepared from 50
g/L mab solution formulated with sucrose (blue curve) or trehalose
(red curve) matrix at sugar-to-protein weight ratio 1.59to 1
(formulations con_50_ps20_suc and con_50_tre from Table 1)

in the freeze-concentrated amorphous phase estimated
to be approx. 20 wt% (Buera et al. 2011; Panagopou-
lou et al. 2011), while freeze-dried protein formulations
typically contain less than 5 wt% water. SAXS/SANS
patterns of these systems usually have a broad peak,
which position, when expressed in d-spacing scale, cor-
responds to center-of-mass distance between protein
molecules (Castellanos et al. 2017). While the majority
of SANS and SAXS studies of proteins in the crowded
environment has been performed with lysozyme, there
are also several reports on IgG (Castellanos et al. 2018,
2016). In those studies, SANS patterns were obtained for

frozen, cryoprotector-free, mAb solutions, and the SANS
peak, at q~0.2 A™}, was assigned to be protein interac-
tion peak in the freeze-concentrated phase (Castellanos
et al. 2018, 2016). The position of the protein interac-
tion peak in frozen solutions was reported at d-spacing
of approx. 32 A for IgG, in 25 mM histidine buffer at pD
6.4 and at 31 A in 10 mM sodium acetate buffer at pD 5.6
(Castellanos et al. 2018, 2016). These proteins center-of-
mass distances, dm, are less than the radius of gyration,
Rg, for IgG, which was reported to be 60 A in solution
(dm ~2Rg/3) (Kilar et al. 1985). It was proposed that such
short protein—protein distances are caused by interdigi-
tation of molecules of antibodies in crowded environ-
ments, as the result of their flexibility and non-globular
structure (Castellanos et al. 2018, 2016).

In the present study, two peaks are observed in the
SAXS patterns of freeze-dried IgG, formulations (Fig. 1,
2, 4). Position of peak B, at approx. 32 to 36 A, is similar
between formulations, whereas peak A shifts consistently
with increase in sugar-to-protein ratio from 46 A to 64 A
(Fig. 3, Table 2). Physical origin of peak B is discussed
later in this section, while peak A corresponds to protein
molecules which are separated by sugar molecules, with
the protein—protein separation distance increasing with
the increase in sugar-to-protein ratio. The d-spacings for
peak A are similar between sucrose and trehalose formu-
lations. This corresponds to results reported for freeze-
dried formulations of lysozyme and BSA with these two
disaccharides (Cristiglio et al. 2022, 2024). Inclusion of
PS20 in sucrose formulations does not have any major
impact on d-spacing (Fig. 3, Table 2). Formulation with
PS20 has similar, yet slightly lower (by 2 A) d-spacing
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than corresponding PS20-free formulation (50.7 A vs
52.7 A, Table 2). This observation of similar protein—
protein distances in freeze-dried formulations with and
without PS20 is consistent with the report on frozen
solutions of lysozyme (Yuan et al. 2023). The fact that
the protein—protein distance is similar in formulations
with and without surfactant suggests that PS20’s protec-
tive role may not be connected with physical separation
of protein molecules, instead arising from reducing shear
stress during freezing step of the lyophilization process
or reconstitution of the dried product, e.g., by saturating
interfaces and/or forming molecular complexes with pro-
tein (Singh et al. 2017; Chang et al. 1996b; Lee et al. 2011;
Li et al. 2019; Zhang et al. 1995, 1996). Impact of post-
drying thermal treatment (tempering) on the protein
separation distance is also minimal (Table 2). The large
scale molecular motions are expected to be arrested in
the freeze-dried samples, as the tempering temperature is
well below the calorimetric T, (Table 1). The positioning
of the protein molecules become “fixed” mainly during
the freezing step of the freeze-drying process and is not
affected by the tempering. Collapse during freeze-drying,
on the other hand, may have an impact on protein—pro-
tein separation distance, as above T,’ protein molecules
are more mobile and molecular rearrangements are pos-
sible. Several collapsed formulations, including sucrose
50 g/l and trehalose 30 and 50 g/l formulations with PS20
(sugar/protein ratios of 1.6 and 2.65), have slightly higher
protein—protein distances, by 2 to 5 A, as compared with
the non-collapsed samples (Table 2). The increased pro-
tein separation in the collapsed systems may reduce the
aggregation propensity and contribute to a better long
term stability. Improved stability of collapsed formula-
tions was reported in several studies (Groél et al. 2023;
Schersch et al. 2010, 2012) although the relatively minor
increase in protein separation in collapsed formulations
might not be a main mechanism for the stability improve-
ment. Note also that for the formulation with the higher
protein content (100 g/l trehalose formulation, sugar/
protein ratio 0.79), collapsed and non-collapsed samples
have essentially identical d-spacing, with 45.8 and 46.0 A,
respectively. To ultimately answer the question whether
the impact of collapse on protein—protein distance may
depend on the sugar/protein ratio, additional studies are
needed.

The origin of peak B is less certain, with three hypoth-
esis are considered herein.

Hypothesis 1. This hypothesis is based on the similar-
ity in the position of peak B to the protein interaction
peak which was observed in frozen, cryoprotector-
free, mAb solutions, which was proposed to originate
from interdigitated mAb molecules. (Castellanos
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et al. 2018, 2016) Accordingly, peak B in the freeze-
dried formulations can correspond to tightly packed,
and interdigitated, IgG, molecules, without lyopro-
tector molecules present between them. Under this
interpretation, detection of two SAXS peaks would
indicate two IgG1 populations, one with protein mol-
ecules physically separated from each other by sugar
molecules (peak A) and another with close protein—
protein contacts (peak B). A possible physical mecha-
nism for formation of two populations of protein
molecules during freeze-drying is proposed in Sup-
plemental materials (Supp. 8). If the two-population
hypothesis is confirmed in future studies, it could
have a significant practical relevance. In addition to
the different distances between the proteins, the two
populations of IgG1 molecules would also have dif-
ferent microenvironment, which could result in dif-
ferent rates of chemical degradative processes, such
as deamidation and oxidation. Note that heterogene-
ity in protein distribution between surface and bulk
was reported for various dried formulations, with
protein molecules located at either air/solid interface
(which was operationally defined as within 10 nm
from the interface) or in the bulk (Wilson et al. 2020;
Xu et al. 2014). The surface-exposed and bulk protein
molecules had different stability profiles, with the
degradation rate for the surface-located molecules
been higher by an order of magnitude, as reported
in a study of stability of freeze-dried formulations of
human growth hormone (Xu et al. 2014). Separation
of protein molecules from lyoprotector in freeze-
dried formulations was also observed using Raman
mapping method (Padilla et al. 2011; Forney-Stevens
et al. 2014).

This first hypothesis is based on the concept of
tightly packed, and interdigitated, IgG molecules,
with the center-of-mass distance significantly lower
than the radius of gyration (dm~35 A vs Rg~60 A),
which is not intuitive, and therefore two additional
explanations are considered, as Hypothesis 2 and
Hypothesis 3.

Hypothesis 2. According this hypothesis, both SAXS
peaks A and B originate from the competition of the
short-range attraction and a longer-range repulsion
between the same IgG molecules (Liu et al. 2005).
The short-range attractive potential is expected to
dominate and a change of the weaker long-range
repulsion hardly affects the potential form close to
the particle. Therefore, the interaction at small q val-
ues (peak A) responds to the change of the repulsion
range and is sensitive to a change of the sugar to pro-
tein ratio. Peak B represents the invariant short-range
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attraction between the molecules in the crowded
environment and is observed at the same g value for
all samples. This suggests that the presence of sugar,
at the sugar-to-protein ratios studied here, does not
impact the short-range attractive interaction between
IgG1 molecules in freeze-dried formulations. Note
also that d-spacings for both Peak A (45 to 60 A) and
Peak B (35 A) are shorter than 2Rg for IgG1 mol-
ecules in aqueous solution (60*2=120 A), which
implies significant changes in the shape and dimen-
sions of IgG1l molecules when aqueous solution is
converted into a solid dehydrated form.

Hypothesis 3. Peak B could be interpreted as the
form factor resulting from scattering of individual
IgG molecules, rather than from intermolecular
interactions. However, the scattering from individ-
ual protein molecules is usually detected in dilute
aqueous solutions, where the electron density con-
trast between protein and solvent molecules is well
defined. Such conditions are different from crowded
environment in frozen protein solutions and freeze-
dried powders with strong interparticle interaction
(Curtis et al. 2012b; Khodadadi et al. 2014; Castella-
nos et al. 2018, 2016; Phan-Xuan et al. 2020), which
makes it more difficult to measure the form factor
under these conditions.

The data do not allow a definite conclusion on the
nature of the SAXS peak B, and additional studies are
needed to distinguish between the interpretations pro-
posed. Note that both interpretations (1) and (2) imply
that there are close intermolecular interactions between
IgG; molecules. The absence of any significant amounts
of IgGl aggregates in the reconstituted solutions
(Table 1) indicates that attractive protein—protein inter-
actions and/or interdigitation of IgG1 molecules in the
freeze-dried material may represent necessary but not
a sufficient condition for aggregation which is detected
after reconstitution of freeze-dried formulations. Other
factors, including preservation of protein higher order
structure and H-bonding between lyoprotector and pro-
teins may also play major role in stabilization of proteins
against aggregation.

Conclusion

Monitoring position of protein interaction peak in
freeze-dried sugar-to-protein formulations allows to
assess impact of sugar on physical separation of protein
molecules. An important insight of this study is a finding
of direct relationship between sugar-to-protein ratio and
distance between molecules of IgG; in freeze-dried for-
mulations, which is calculated from the position of SAXS
peak A, with the distance increasing at higher ratios. This
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observation aligns with published studies on improved
protein stability at higher sugar concentrations. (Xu et al.
2014; Wang et al. 2009) Other formulation and process-
ing factors, such as intentional collapse during primary
drying, post-drying annealing, type of disaccharide, and
addition of surfactant (PS20) had a minimal impact on
the separation distance between protein molecules. Note
that some tentative observations, such as a minor differ-
ence in the protein interaction peak d-spacing between
formulations with vs without PS20, and a different
response to collapse in a trehalose formulation with a
lower sugar/protein ratio, could be of interest for future
studies.

The detection of a second peak, peak B, in the SAXS
patterns of freeze-dried IgGl formulations represents
another significant result. Position of peak B is similar
between the formulations and independent of the sugar-
to-protein ratio, in clear contrast to peak A. Three alter-
native interpretations may explain the physical nature of
peak B, i.e., a “second population consisting of interdigi-
tated IgGl molecules’, “short-range attraction between
the IgG, molecules in the crowded environment’; and
“form factor of isolated IgG; molecules” The two for-
mer hypotheses are based on SANS studies of frozen
IgG solutions and SAXS/SANS studies of concentrated
lysozyme solutions, respectively (Castellanos et al. 2018,
2016; Shukla et al. 2008). Note that either hypothesis
indicates the existence of interacting protein molecules in
the lyophiles, with the interaction to be essentially inde-
pendent of sugar-to-protein ratio. The latter hypothesis
is a new suggestion, as the analysis of the protein form
factor in crowded environment has not been proposed in
previous investigations. The data available do not allow to
prove which one of the hypotheses is correct. To address
the origin of the SAXS peak B in IgG/sugar lyophiles, a
follow-up study of lyoprotector-and-protein system is
warranted. In particular, future investigation should
address a data gap between frozen cryoprotector-free
IgG solutions (single SAXS peak) and the present study
where two protein peaks are observed in freeze-dried
IgG/disaccharide mixtures. Inclusion of freeze-dried for-
mulations with higher protein-to-sugar ratios could also
provide an input into interpretation of the SAXS results,
as illustrated graphically in Supp. 7. Future studies may
further benefit from a contrast variation approach which
is standard for SANS (Castellanos et al. 2017) and could
also be utilized in SAXS (Tokuda et al. 2016). However,
the latter would be more complex because difference
in electron density for SAXS experiments are relatively
lower than contrast in scattering length between H and
D in SANS.

Lastly, further investigation into the effects of dif-
ferent freeze-drying steps, particularly the impact of
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freezing rates on protein and protein—sugar interactions,
could yield deeper insights into optimizing formulation
stability.
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