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ABSTRACT: Due to their specificity and versatility, monoclonal
antibodies (mAbs) are the most popular class of biopharmaceut-
icals typically administered via intravenous injection. One of the
current pharmaceutical challenges concerns mAb formulations for
subcutaneous (SC) injection, which is gaining importance as an
alternative administration route offering convenience to patients by
allowing self-administration compared to other parenteral delivery
methods. With volumes lower than 1—2 mL being better tolerated :
in the subcutaneous space, highly concentrated mAb formulations " otmAn
are needed to achieve significant therapeutic effects, potentially 107 0 e 102
increasing the solution viscosity and altering drug injectability. The

main challenge is to maintain the solution viscosity below the SC injectability threshold (15—20 mPa-s) while preserving solution
stability. Since the understanding of macroscopic viscosity requires in-depth knowledge on protein multiscale diffusion, mutual
interactions, and aggregation, we employ two complementary neutron scattering techniques to investigate 9 different mAbs of IgG1/
IgG4 subtypes in aqueous solution as a function of protein concentration and temperature. The synergy between neutron spin-echo
(NSE), a spectroscopy technique providing dynamic information, and small-angle neutron scattering (SANS), a time-averaged static
technique, enables us to probe the short-time collective diffusion of different mAbs, explore their self-association into small transient
clusters, their intermolecular interactions, and ultimately access their internal dynamics. This study builds on previous neutron
backscattering (NBS) findings, bridging a critical gap between the time scales probed by NBS and viscometry. It also confirms that
the formation of short-lived clusters comprising more than two monomers is a key factor driving high solution viscosity, phase
separation, and opalescence.
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1. INTRODUCTION

1.1. Scientific Relevance. When Kohler and Milstein
developed the Nobel Prize winning hybridoma technology in
the 1970s," it was not immediately obvious at that time that
monoclonal antibodies (mAbs) would become the most
popular class of biopharmaceuticals. This technology was
employed to develop Orthoclone OKT3 (muromonab-CD3),
which became the first monoclonal antibody approved by the
U.S. Food and Drug Administration (FDA).” Since that time,
antibody therapeutics research and development have
experienced remarkable growth, especially in the last two
decades. Until the end of 2023, nearly 200 mAbs in total have
received approval in the U.S. or other countries,” with 13 new
ones in 2023," 21 in 2024,”° and more are forecast to be either
approved or to enter regulatory reviews by the end of 2025.°
The already broad spectrum of clinical applications of these

© 2025 American Chemical Society

v ACS Publications 5373

biopharmaceuticals is currently expanding and includes the

7-9 . .
treatment of several types of cancers, ” infectious and

10,11

. . . 12 )
autoimmune diseases, multiple sclerosis,~ kidney dis-

1415 and the prevention of malaria.'® In the

eases,m migraine,
last two decades, the development of mAbs for the treatment
of neurodegenerative pathologies such as Alzheimer’s disease
has been the subject of an extensive research,'”~*° but still a lot

of work has to be done for substantial steps forward.”"**
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1.2. Motivation. Due to the extremely acidic environment
of the gastrointestinal tract and mostly to the challenges related
to absorption and biodistribution via this route, monoclonals
cannot be administered orally without suitable delivery
vehicles.”® Therefore, the more suitable route is parenteral
administration via intravenous (IV) or subcutaneous (SC)
injections. Whereas IV refers to injecting the drugs directly
into the blood vessels, with SC the substance is injected into
the subcutaneous space. IV administration is normally
performed in hospitals by specialized personnel, which is not
always practical and a limiting factor for patients suffering from
chronic diseases and requiring life-long treatment. In recent
years, pharmaceutical research has been working to engineer
and produce antibody formulations specific for SC injec-
tion®”** in order to enable patients to benefit from self-
administration and more flexibility.”">* Moreover, SC
administration allows a sustained systemic availability of the
drug due to slower transfer from subcutaneous tissue (into
blood) and reduced side effects due to avoidance of
concentration peaks.

Since the amount of antibody needed to achieve a significant
therapeutic effect is around hundreds of milligrams and the
injectable volume in the subcutaneous space is in the range of
0.5—2 mlL, this administration route requires high concen-
trations (in the 100—200 mg/mL range), potentially leading to
viscosities exceeding a tolerance threshold of ~15 to 20 mPa-s
(or cP).**3° This translates into high injection forces or long
injection times.”*’' In addition to rendering the drug
administration being painful or difficult (and sometimes
impossible), high viscosity may also compromise the
physicochemical stability of these pharmaceuticals before,
during, and after the injection.”””’ Since the procedure of
SC injection alone overall reduces the physicochemical
stability of mAbs,>* controlling their solution viscosity is of
great interest. To this end, several studies on the microscopic
origin of macroscopic viscosity of highly concentrated mAb
solutions have been conducted to optimize their design and
manufacturability’>*° by attempting to reach a fundamental
understanding of this phenomenon and, ultimately, to design
strategies for viscosity reduction.

1.3. State of the Art. Proteins in solution, especially
antibodies, may undergo reversible self-association (RSA) and
potential irreversible aggregation, two dissimilar processes in
terms of physicochemical properties,””** but equally con-
cerning issues for manufacturability. RSA has been identified as
one of the main reasons for high viscosity in mAb solutions***!
and can be influenced by multiple parameters including
concentration, pH, temperature, ionic strength,40 or specific
interactions between protein domains.*>** On a macroscopic
level, RSA strongly impacts the visual appearance of antibody
solutions, causing opalescence, increased turbidity, and even
phase separation.**™>° Both electrostatic and hydrophobic
protein—protein interactions (PPIs) seem to play a role in
driving RSA®" and thus in increasing solution viscosity. As a
result, minimizing protein self-interactions is the key for
viscosity reduction, and it can be achieved through two
complementary approaches: protein engineering and formula-
tion optimization.

Protein engineering is usually the first explored route for
viscosity reduction based on applying small modifications in
the antibody primary sequence and predicting how the
viscosity is affected by those. Kastelic et al. found that different
viscosity trends depend on how different mAb binding sites—
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Fab (antigen-binding fragment (Fabs)) and Fc (crystallizable
fragment, cf. Figure 1)—contribute to aggregation, showing

Figure 1. Structure of an IgG4 mAb and sequence similarity with
IgG1 mAbs. The sequences of the mAbs were al'§ned using VMD®
“MultiSeq” module®" with ClustalW algorithm® and their results
shown by sequence similarity using BLOSUMI00. Sequence
similarity is shown directly in the structure of mAb4* (IgG4) and
represented with a color ranging from blue for high similarity to red
for low similarity. The graphic was rendered with “NewCartoon” style.
The different mAbs under study show almost identical structures in
the Fc region, while they differ in their variable domain Fv, especially
in the six complementarity determining regions (CDR) loops (or
hypervariable regions, highlighted in gray) responsible for the binding
with the antigen.

that intermolecular interactions and, hence, viscosity are
controllable through modifying specific sites of the antibody.>”
Some works involving experiments and simulations established
predictors for viscosity, aggregation, and intermolecular
interactions based on amino acid sequences, structural
properties, charge distribution, and hydrophobicity of the full
sequences and the Fv region of the antibodies.”> > By
predicting viscosity using artificial neural networks based on
experimental and simulation-derived parameters, Schmitt et al.
confirmed that sequence-based optimization of mAb properties
is a crucial tool for rational drug design.63 More recently,
Armstrong et al. observed that antibody sequence mutations
aiming to reduce hydrophobic patches significantly reduced
mADb solution viscosity, suggesting the effectiveness of
hydrophobic-based predictors; conversely, mutations altering
only electrostatic patches were insufficient to influence
viscosity.”* Variable domain mutational analysis identifies
Fab—Fab hydrophobic interactions—rather than electrostatic
ones—as the major contributors to the high viscosity of an
anti-GCGR 1gG1.*® In line with this approach, Li et al.
developed a promising tool for controlling mAb aggregation
based on systematic pairwise replacement of hydrophobic
residues L (leucine), V (valine)/I (isoleucine), and F
(phenylalanine) with polar ones, such as Q (glutamine), T
(threonine), and Y (tyrosine).”® Machine learning was also
extensively employed to reduce mAb viscosity and predict their
developability, always emphasizing the relevance of the Fv
domain in the underlying molecular mechanism.®’ ™%
Concerning formulation optimization, a widely employed
strategy is to improve the formulation by adding molecules
able to shield and tune those interactions and to reduce the
solution viscosity. So far, some successful excipients have been
found among salts (NaCl, Na,SO, NaAc)’””" and some
amino acids in their pure or salt forms (arginine, glycine,
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proline and ornithine, arginine-HCI, histidine-HCI, lysine-
HCI).”%”?77> Other molecules with analogous effects are
hydrophobic salts,”® caffeine,”” amino acid derivatives,”® and
even amino acid polymers.”” Moreover, the combination of
some viscosity-reducing agents, e.g., amino acids and anionic
excipients, has also been observed to enhance the performance
of one excipient alone.”

1.4. Framework of the Present Study. Despite the
progress made in the field, our understanding is still
incomplete, and thus the correlation between viscosity, RSA,
and cluster formation is still being studied using several
techniques including small-angle X-ray and neutron scattering,
light scattering, microrheology, viscometry, atomistic and
coarse-grained simulations, and colloid theory.””*' ™%’

In the present work, we systematically investigate a set of 9
humanized mAbs produced, characterized, and provided by
Lonza AG/Ltd. These mAbs in solution feature big changes in
macroscopic viscosity for a given concentration; some of
them—mAb12, mAb16, and mAb24—exceed the SC inject-
ability limit (15—20 mPa-s) before high concentrations (see
Figure 2 and refs 63,88). However, the most significant

volume fraction ¢ nglzi,lmeof(r)%ctiog ?2

500 004 008 0.12
SC delivery “
threshold : m:zis |
m.
400 : :22; ¢ mAb24
# mAb5 mAb25
) Ab9 % mAb4*
00300 A :Ablz o bovine
(LQ + mAbl5 y-globulin
~ 200
S
100
0 %::*"-'s"“:‘n——'—v—“é
50 100 150 200 50 100 150 200
Cp [mg/ml] ¢, Iy

Figure 2. Linear (left) and logarithmic (right) plots showing the
relative viscosity 7, = 17/17, (symbols) of aqueous (H,O) solutions of
10 mAbs of IgG1 subclass and one IgG4 mAb (mAb4*) in 20 mM
His-HCI buffer (pH 6.0) at T = 25 °C, versus mAb concentration [
(lower x-axis) and dry volume fraction ¢ (upper x-axis). Error bars
are mostly hidden behind the symbols. Solid lines are fits to the data
using a heuristic model.*® The gray shaded area stands for the
subcutaneous (SC) injectability threshold (~15 to 20).

differences in their amino acid sequences are in the
hypervariable regions of their Fv domains (Figure 1), which
confirms that the Fc domain plays a minor role in interprotein
interactions® compared to the Fv domain.

In order to systematically explore the link between
macroscopic viscosity and microscopic cluster formation, we
combined neutron spin-echo (NSE) spectroscopy and small-
angle neutron scattering (SANS) experiments, expanding on
previous work where we employed neutron backscattering
(NBS), SANS, and MD simulations.*® Several mAbs already
investigated in that work show an apparent self-diffusion
coefficient D below the value expected for monomers,
suggesting the formation of small transient clusters formed
by few monomers. NSE was already confirmed as an effective
technique to study concentrated mAb solutions,” ™" revealing
the formation of small “reversible clusters with extended open
structures”™’ or dimers that can “reversibly associate into
loosely connected clusters”,”” likely resulting in higher
viscosities.”””” NSE allows to investigate several mesoscopic
diffusive modes of the proteins at once,”*™%* e.g., translational
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: 94,95 . .
and rotational components, and domain motions.

Importantly, due to the longer time scales (up to 200 ns)
compared to the previously collected NBS data (~4 ns), these
NSE data close a critical gap in the observation times between
the results from viscometry and NBS.

1.5. IgG1 and IgG4 Antibodies. IgG is the most
abundant class of immunoglobulins in human blood and is
most used in therapeutics. IgG is a Y-shaped ~150 kDa protein
formed by two identical heavy chains (HC) of ~S0 kDa each
and two identical light chains (LC) of ~25 kDa each, cross-
linked through interchain disulfide bonds. Both light and heavy
chains contain a variable domain (VL, VH) and a constant one
(CL, CH); two CH subdomains (CH1, CH2) are linked by a
flexible hinge”®”” that gives IgG a pronounced mobility. In
addition, CH, and CH; subdomains of the heavy chains form
the trunk of the Y-structure, which is called the crystallizable
fragment (Fc), whereas the two arms of the molecule are
formed by CH1, CL, VH, and VL and are called antigen-
binding fragments (Fabs). At their extremities, the subdomains
VH and VL constitute the variable domain Fv that acts as the
actual antigen-binding site. The binding occurs in specific Fv
segments, referred as complementarity determining regions
(CDRs) or hypervariable regions, which typically exhibit loop
structures (Figure 1).

IgGs exist in four different isotypes, IgG1, IgG2, 1gG3, and
IgG4, which differ in multiple structural and functional details.
The present study focuses on IgGl and IgG4 antibody
isotypes. The length of the hinge is of 15 amino acids in IgG1
and 12 in IgG4, leading to the formation of four interchain
disulfide bonds in IgG1 and two in IgG4 and resulting in IgG1
being more flexible than IgG4.”® The hinge stabilization in
IgG4 is believed to arise from the amino-acidic substitution
Ser228Pro (proline to serine at position 228) from IgG1.”
The two isotypes also differ in the angles between the Fab
regions,100 in their immune response,10 viscosity behavior at
high concentrations, % and self-interactions.”’

2. MATERIALS AND METHODS

2.1. Sample Preparation. In the present work, we
investigate 9 different humanized monoclonal antibodies, 8
IgG1 with  light chains (mAb3, mAbS, mAb9, mAb19, and
mAb25) and A light chains (mAb12, mAb1S, and mAb16) and
one IgG4 with « light chains (mAb4*). Further physicochem-
ical properties of both their full chains and Fv domains are
reported in the Supporting Information.

All mAbs were manufactured in-house from Lonza AG/Ltd.
Double gene vectors (DGV) containing the heavy and light
chains were transfected into CHOK1SV GS-KO cells'®® from
Lonza Biologics (Slough, UK) and cultured under selection
conditions as stable pooled cultures. Clarified supernatant was
obtained by centrifugation followed by filter sterilization using
0.22 pum Stericup Quick Release filters from Merck/
MilliporeSigma (Darmstadt, DE). Protein A chromatography
was used for mAb purification. All proteins were concentrated
to final concentrations of 10—20 mg/mL (nominal), and buffer
exchanged into the formulation buffer by tangential flow
filtration. A 20 mM histidine-HCI buffer at pH 6.0 was
employed as it is done for more than 80% of formulations of
approved highly concentrated mAb drug products.'®* All mAb
solutions were then frozen in aliquots, stored at —80 °C, and
slowly thawed prior to use.

From these solutions, samples for the neutron experiments
were prepared by first exchanging the buffer to 20 mM

https://doi.org/10.1021/acs.molpharmaceut.5c00327
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histidine-HCl in pure D,0O at pD 6.4 (pD = pH + 0.4, so pH =
6.0'%). To this scope, 15 mL Amicon centrifugal filters with
30 kDa nominal molecular weight cutoff from Merck/
MilliporeSigma were employed to obtain a dilution factor of
at least 10,000X of the H,O in the samples. With the same
filters, mAb solutions were then concentrated until around 2
mL, in order to reach a concentration of at least 60 mg/mL.
The aforementioned deuterated buffer was prepared by
dissolving L-histidine monohydrochloride monohydrate
(>98% purity) from Merck/MilliporeSigma in deuterium
oxide from Innovachem (Angervilliers, FR) to get a molarity
of 20 mM; the desired pH was reached by adjusting with
NaOD and the obtained solution was filtered using a 0.22 pm
Stericup QuickRelease from Merck/MilliporeSigma. Concen-
trations of the antibody solutions after buffer exchange were
determined by UV—vis via a V-630 Spectrophotometer from
Jasco (Tokyo, JP), diluting them 50, 100, 200, 400 and S00X.
Samples for neutron experiments were subsequently prepared
by diluting concentrated stock solutions until S0 mg/mL. As
reference, a polyclonal IgG stock solution was prepared
employing lyophilized powder of y-globulin from bovine
serum (>95% purity, essentially salt-free), purchased from
Merck/MilliporeSigma and directly dissolved in a 20 mM
histidine-HCI deuterated buffer at pD 6.4. The concentration
of the stock solution was measured via UV—vis and the actual
sample was prepared by diluting the stock solution to 50 mg/
mL (nominal, not further measured). It should be noted that
solutions of protiated proteins in D,O are required in neutron
scattering experiments in order to minimize the incoherent
contribution of the scattering signal and better distinguish the
macromolecules from the solvent.

The selected concentration of 50 mg/mL has been targeted
to safely avoid overlapping among the proteins in solution in
the neutron spin-echo measurements, based on the following
considerations inspired by Girelli et al.”® Since the distances
between the extremal residues of the antibodies are on average
shorter than d, ., ~ 16 nm (slightly overestimated, see the
Supporting Information), each protein occupies a cubic
volume of sidelength d, and therefore can move in a
maximum volume V.. & 4096 nm?® in the solution. Since a
sample volume Vg, ~ 2 mL is needed for the neutron
experiments, the maximum number of mAbs in the sample
would then be Ny = Vimpie/ Vinx = (2 mL)/(4096 nm®) ~
4.88 X 10". The overlap protein concentration can be
therefore determined as follows

N,

C;verlap — [InAb]overlap_Mw — max ,
NA'Vsample (1)

with N, being the Avogadro number (6.022 X 10** mol™") and
M,, the antibody molecular weight (~150 kDa). [mAb]°verl
indicates the overlap mAb molarity calculated as N, ,./(N,-
Vsample)—number of mAb moles in the sample divided by the
sample volume—giving a value of 0.406 mM. The overlap
protein concentration cgvedap is thus ~61 mg/mL, higher than
the selected 50 mg/mL. Other approaches to estimate the
overlap, e.g, inspired by polymers'”® are possible. In the
present case, eq 1 was chosen to obtain a “conservative” lower
bound for a possible overlap, ruling out this situation for the
studied samples.

2.2. Viscometry and Light Scattering. All of the mAbs
were characterized by viscometry, static, and dynamic light
scattering (SLS and DLS) as reported by Schmitt et al.”* and
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Mosca et al.*® The measurements were performed at T = 25

°C (2298 K), with concentrations ranging from 180 to 30 mg/
mL, in the antibody original formulation buffer (20 mM His-
HCl in H,0, pH 6.0). The instruments used and the
measurement protocols are described in refs 63,88.

2.3. Neutron Spin-Echo (NSE) Spectroscopy. Neutron
spin-echo (NSE) experiments were conducted on the IN1S
spectrometer at the Institut Laue-Langevin (ILL) in Grenoble,
France. NSE is a high-resolution inelastic scattering technique
that leverages neutron spin precession to measure the velocity
changes experienced by neutrons as they interact with matter.
This method offers exceptional resolution, allowing to
investigate multiscale short-time collective dynamics. Samples
were measured at four different instrument configurations,
each with a specific incident neutron wavelength and detector
angular position (measuring the scattered neutrons): 10 A—
3.5°, 8 A-5.5°, 6 A—9.5° and 6 A—6.5°. The accessible g range
spans from 0.028 to 0.19 A~ for a total of 12 values of the
momentum transfer g, resulting from slicing the detector in 3
areas for each configuration. This instrumental setup allows
one to explore Fourier times up to 200 ns for the 10 A—3.5°
configuration, up to 100 ns for the 8 A—S5.5° one, and up to SO
ns for the two configurations at 6 A.

All samples were loaded in flat transparent quartz containers
purchased from Aireka Scientific Co., Ltd. (Hong Kong) with
the size of 40 X 30 mm? and internal thickness of 1 and 2 mm
(depending on protein availability), closed with plastic caps,
and carefully sealed with Parafilm (Merck/MilliporeSigma) to
avoid evaporation of the solutions along the measurements. A
graphite sample and the antibody formulation buffer (20 mM
His-HCl in D,O at pD = 6.4) were measured as references for
resolution and background, respectively. The sample environ-
ment employed was a sample changer with temperature
control. All samples were first measured at T = 37 °C (~310
K), temperature of the human body, and afterward at T = 7 °C
(2280 K), which is closer to the usual storage temperature of
biopharmaceuticals just before administration to patients. A
complete acquisition run, accounting for the four aforemen-
tioned configurations, was about 4 h for one sample at one
temperature. Two samples, selected for their high viscosity,
slightly milky appearance, and higher clustering propensity*—
mAb12 and mAbl6—were additionally measured while
cooling at just one instrument configuration (6 A—6.5°) in
order to further explore any temperature-driven changes. In
this case, echoes were acquired at 4 different temperatures and
the whole measurement time was ~1 h. Raw data were
resolution-corrected and background-subtracted applying
standard data reduction routines in Igor.'”” The analysis was
performed by using Python.

2.4. In Situ Fixed-Angle Dynamic Light Scattering
(DLS) during NSE Measurements. Dynamic light scattering
(DLS) measurements at a fixed angle of 6 = 90° were
concurrently obtained by using an in situ DLS system
integrated into the NSE machine. The employed setup is a
He—Ne laser with a wavelength of 632.8 nm. Detection was
carried out by two Excelitas SPCM AQRH-13 APD detectors,
and the correlation function was computed using a Flex02-01
digital correlator in pseudo-cross-correlation mode to mitigate
artifacts at short correlation times caused by the detector after
pulsing. Unlike standard DLS experiments, in this setup, the
autocorrelation functions were averaged over the duration of
an NSE scan, which is on average 1 h for each wavelength—
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angle combination. As in the NSE experiment, DLS profiles for
mADbl2 and mAb16 were collected also while cooling.

2.5. Small-Angle Neutron Scattering (SANS). Small-
angle neutron scattering (SANS) was performed on the same
mAb solutions measured with NSE, in order to determine their
time-averaged structural and thermodynamic properties as a
function of the temperature and protein type. The SANS
experiments were carried out on D22'*® at the ILL. Antibody
solutions at nominal concentrations of 50, 20, 10, 5, 2, and 1
mg/mL were prepared, filled into 1 mm plate quartz cuvettes
(Hellma, Miillheim, DE), sealed with Parafilm, and placed
onto a copper sample holder. Protein concentrations of the
samples after dilution were not further measured. A q range
from 0.006 to 0.7 A" was covered by two detectors (at 16 and
1.7 m from the sample) with respective collimation lengths of
16.5 and 2.5 m. A wavelength of 4.6 A with a full width at half-
maximum (fwhm) wavelength spread of 9% was used.
Scattered neutrons were detected using a multitube *He gas
detector with a pixel size of 4 X 8 mm? SANS profiles were
obtained at set-point temperatures T, of 37 and 22 °C,
corresponding to ~310 and ~295 K, respectively. For a
reduced data set, SANS curves were also measured at 7 °C,
corresponding to ~280 K. The actual temperature of the
sample changer rack was monitored throughout the experi-
ment to check how it differed from that of the set-point. For
the three temperatures selected (T, + AT,,q) Was calculated,
with T4 and AT, being the mean and standard deviation of
the values, respectively (Table 1). The largest temperature

Table 1. Differences in the Set-Point and Measured
Temperatures of the Sample Changer Rack throughout the
SANS Experiment”

Ty [°C] Tk £ AT [°C]
37 34.59 + 1.63
22 21.83 +£ 0.21

7 7.21 + 0.77

“The values reported T, and AT, are, respectively, the mean and
standard deviation of the temperatures probed by the rack
thermometer during the measurements.

fluctuations were observed at ~37 °C, as reported in Table 1.
Raw data were saved in NeXuS format'*”''" and data
reduction was performed using GRASP, an ILL Matlab-based
software.''! Data were corrected for empty cell scattering,
transmission (by measurements performed using beam
attenuators), and electronic noise (by measuring a '°B,C
absorber). Calibration to absolute scale was performed using
attenuated direct beam measurements. The signal of the
solvent (20 mM His-HCl deuterated buffer at pD 6.4) at 7 °C
was chosen as reference due to its lower incoherent baseline at
high q compared to the buffer profiles at 21 and 37 °C and
subtracted from sample scattering accounting for the volume
occupied by the solvent

sub
I(q)sample (2)

With ¢,oin being the protein volume fraction, the volume
occupied by the solvent in the samples is given by

rotein) = (1 - CP8) (3)

where ¢, and § are the protein concentration and specific

P
volume, respectively. & was calculated with MDAnalysis''*

= I(q)sample - quolvent'I(q)solvent

-4

qasolvent = (1 p
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using the PDBs of the mAbs and obtaining 0.739 mL/g for
mAb3, 0.729 mL/g for mAbS, mAb9, mAb12, mAb1S, mAbl6,
mAb19, mAb2S, and 0.727 mL/g for mAb4*.

3. RESULTS AND DISCUSSION

3.1. Viscometry and Light Scattering. As described in
refs 63,88, the relative viscosity 17, = 17/1y (with 7y = Hsorvent =
0.92 mPa-s) was analyzed at varying antibody concentration c,
(Figure 2). It must be noted that these viscometry and light
scattering results were partially included in the cited works but
are reported here for clarity. The data already shown in ref 88
correspond to mAbl, mAb9, mAbl2, mAbl6, and mAb24,
while the additional ones reported here refer to mAb3, mAbS,
mAb4*, mADb1S, mAb19, and mAb2S. The viscosity increase at
increasing antibody concentration is strongly mAb-dependent
and well-described by the model used in our previous work.*®
From the fit model used, the viscosity values for the samples at
50 mg/mL—the concentration employed in the neutron
experiments—were extrapolated (Table 2). From Figure 2,

Table 2. Relative Viscosities 77, = /11, (T = 25°C) at mAb
Concentration ¢, = 50 mg/mL Calculated from the Model
Used to Fit the Data in Figure 2

mAb 7; (50 mg/mL) N,gg2 (50 mg/mL)

mAbl 1.46 + 0.14

mAb3 1.56 + 0.14 1.51 + 0.08
mAbS 1.47 + 0.19 1.26 + 0.06
mAb9 147 + 0.18 1.48 + 0.08
mAb4* 1.5§ + 0.37 229 + 0.09
mAbl2 1.78 + 0.46 2.30 +£ 0.13
mAb1S 1.41 + 0.06 1.67 + 0.08
mAb16 1.63 + 0.14 2.00 £ 0.11
mAb19 1.39 + 0.26 1.52 + 0.07
mAb24 2.60 + 0.24

mAb2S5 1.55 £ 0.11 1.47 + 0.08

“Uncertainties associated with the values are calculated by error
propagation using the errors on the parameters derived from the fit.
The samples characterized by high 7, at high ¢, show higher values
compared to the others already at 50 mg/mL. The third column
reports the average number of monomers per aggregate N, ,
calculated from NSE data at ¢, =50 mg/mL and T = 37°C, assuming
a cluster fractal dimension 2. For details, see the text in Section 3.2.

one can observe that all mAbs eventually reach the viscosity
limit for syringeability; however, while mAb9, mAb15, mAb2S,
and mAb4* exhibit high viscosity at ~180 mg/mL, for some
others this is observed already at 140 (mAb16), 120 (mAb12),
and 90 mg/mL (mAb24).

Primary sequence analysis (available in the Supporting
Information) reveals that the pl of the Fv domain of mAb4*,
mAb12, mAblS, mAb16, and mAb24 is <6.3, identified by
Makowski et al. as threshold value below which lay all of the
mAbs with high solution viscosity.”® Fv pI values are in fact
5.44 for mAb4* and mAb12, 5.74 for mAb1S, 5.34 for mAb16,
and 5.83 for mAb24. Moreover, the Fv net charge for these
mAbs with high viscosities is closer to 0 compared to that of
the other variants and always slightly negative. One could
hypothesize that for these mAbs, the charges on VL and VH
regions are essentially equal and opposite, with a slight
imbalance on the negative side, in agreement with their
opposite correlations with viscosity.”® These observations
again underline the importance of the Fv domain sequence
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and confirm its central role in driving intermolecular
interactions in the mAbs.”>®” The differences in viscosity
depend on which protein subdomains drive the’a§§regation
and how the oligomers are formed and organized.”>*” Highest
viscosities are apparently determined by a strong presence of
Fab-Fc association*®*” or Fab—Fab interactions.”"*>** Both
association mechanisms could contribute to high viscosities in
mAb24, mAb16, and mAb12 solutions. Fc—Fc association is
also likely to be present and is possibly mediated by a small
hydrophobic patch at the bottom of the Fc domain (see the
Supporting Information). However, since the Fc domain is
highly similar in all of the mAbs studied (Figure 1), Fc—Fc
cannot explain the increase in viscosity observed in only a few
variants (see also Section SS). With regard to light scattering
methods, the second virial coeflicient A, from static light
scattering (SLS) and the diffusion-interaction parameter kp
from dynamic light scattering (DLS) can provide insights into
the solution behavior of the mAbs by understanding their PPIs,
which directly impact their physicochemical stability. These
two key parameters obtained by Schmitt et al.®’ are
represented here in Figure 3 and their exact values are

K Lg!
pImbal

-20 40
mAb1 —
mAb3 _
MADbS I —
mADb9 I
mMAb4* m
MAb12 I
mAb15 —
mAb16 |
mAb19 r—
MAD24|
mAb25 I
0 2

A, [x107% mol mL g=2]

Figure 3. Second virial coefficient A, from SLS (lower x-axis) and
diffusion-interaction parameter kp from DLS (upper x-axis) for the
mAbs investigated in their original formulation buffer (20 mM His-
HCl in H,0, pH 6.0) at T = 25 °C.

reported in the Supporting Information. A, and kp are
generally correlated, with positive values indicating repulsive
interactions between mAb molecules and negative values
suggesting attractive interactions. Repulsive interactions
typically lead to better solution stability, whereas attractive
interactions may promote aggregation. Among the mAbs
studied, a wide range of behaviors in the selected buffer are
observed (Figure 3). mAbS stands out with the highest positive
values for both A, and kp, indicating strong repulsive
interactions. This suggests that mAbS is likely to exhibit
excellent solution stability and be less prone to aggregation in
the chosen buffer. Similarly, mAbl, mAb3, and mAb25 show
moderately positive values, implying good stability character-
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istics and making them ideal candidates for therapeutic
development. Conversely, mAb24 displays the lowest values
for both parameters, suggesting strong attractive PPIs, as
previously observed.*® The same trend is observed for mAb4*
and mAbl16, with slightly weaker mAb—mADb attractions but
still pointing toward aggregation and instability. The
formulations of these antibodies could be adjusted to improve
their stability, e.g., by adding stabilizers or modifying the
solution ionic strength. The remaining mAbs exhibit more
nuanced behaviors. mAb12 shows a weak positive A, but an
almost neutral kp; mAb9, mAblS, and mAbl9 show
comparable positive A,, but different positive kp, higher for
mADb9 and lower for mAb1S. This suggests that PPIs are less
attractive in mAb9 and mAbl9 compared to mAbl2 and
mAb1S, but other factors, e.g., microscopic diffusion, should be
influencing their behavior and their solution visual appearance.
In fact, all of the mAbs whose parameters indicate aggregation
are not transparent in solution at S0 mg/mL (see the
Supporting Information). More specifically, their k; values
are below the threshold of 20 mL/g set by Kingsbury et al.,
above which lie all “well-behaved” mAbs in a 10 mM His-HCl
buffer at pH 6.0,''* namely, the ones featuring viscosities < 30
mPa-s and opalescences < 12 nephelometric turbidity units
(NTU). This additional constraint on ky, further supports that
mAbS, with a kp & 40 mL/g, exhibits the most favorable
behavior among the studied mAbs. We stress again the fact
that these results are strongly buffer-dependent, meaning that
some “well-behaved” mAbs in 20 mM His-HCI at pH 6.0 may
behave poorly in another formulation.

3.2. Neutron Spin-Echo Spectroscopy. If, as an
approximation, internal degrees of freedom are neglected,
then antibody solutions can be treated as suspensions of
charged colloids. For such systems, different time scales are
typically associated with different types of dynamics. Denoting
7g as the characteristic time of particle momentum
autocorrelations and 7; = R%/D, as the characteristic time for
diffusion across a distance equal to the particle hydrodynamic
radius, the time scale of short-time dynamics is within the
range 7 < tyo. < 7. © Based on the average size of these
proteins, quantified by an average hydrodynamic radius 4 nm
< R, £ 6 nm and a self-diffusion coefficient at the infinitely
dilute limit D, ~ 3.7 A%*/ns at 25 °C, the correlation times
accessed by the conducted NSE experiment probe the short-
time diffusion of the studied mAbs. Specifically, “short” length
scales refer to roughly 10 nm, or the size of the protein, and
“short” time scales extend up to about S0 ns, which is much
smaller than 7. The intermediate scattering function (ISF)
arising from the measured neutron echo was fitted using a
cumulant expansion until the second order of an exponential
function, as already done for multidomain proteinsI 1S

~

_ 1(‘1; t)
I(‘b 0)

1
ISE = A-exp(klt + Elcztz)

(4)

with A, g, and t being a weighing prefactor, the neutron
momentum transfer, and the NSE Fourier time, respectively.
Echoes measured were fitted independently for each g; an
example of an ISF fit (with residuals) is reported in Figure 4.
The coeflicients k; and k, in eq 4 represent the first- and
second-order cumulants of exponential expansion. The same fit
procedure was applied on all of the samples and the fit range
employed was the whole Fourier time range allowed by the
instrument in the specific configurations used. The first-order
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Figure 4. Intermediate scattering function I(q, t)/I(q, 0) (neutron
echoes vs Fourier time t) of mAbS at ¢, =50 mg/mL and T = 37 °C,
in solution with 20 mM His-HCI buffer at pD 6.4, measured at the
IN1S spectrometer. The experimental points obtained are the
combination of the four different instrument configurations used
(wavelength of incident neutron and detector angle). Each data series,
denoted by a specific symbol and color, corresponds to the neutron
echo at a specific value of the momentum transfer ¢, ranging from
0.028 (dark purple dots) to 0.19 A™! (yellow diamonds). Error bars
are mostly hidden behind the symbols. Solid lines in the
corresponding colors are fits to the data with a cumulant expansion
of the exponential (eq 4) using all Fourier times. Data are presented
on a lin-log scale (top) with their fit residuals at each g depicted with
the same color code (bottom).

cumulant k; contains insightful information on the diffusion
processes in the samples, in fact

0 I(g, t) 2
= _— = —F = —g°D
= o 1, 0) 9" Dy:(q)

©)
k, is negative by definition and its inverse I" can be interpreted

as the diffusion decay rate with its reciprocal value being the
relaxation time 7

1 1

I ¢'Dg

T =

(6)

D.i(q) is the effective short-time diffusion function given by
the coherent scattering of the incoming neutrons with the
sample, therefore, containing information on its collective
dynamics. Figure S reports D 4(q) obtained from NSE data for
the mAbs in solution at ¢, = S0 mg/mL (colored symbols
connected by solid liness, at human body and storage
temperatures (top and bottom plot, respectively). Dashed
colored lines represent the rigid-body diffusion functions of
mAb monomers calculated from the PDBs of the proteins
using Jscatter.''® The dashed black line is the diffusion of an
example Fab—Fab dimer built by merging two mAbS
structures and again calculated with Jscatter. The choice of
mADbS for this comparison is justified by its remarkably “good
behavior” in the selected buffer compared to the others, as
discussed in Section 3.1. Since dashed curves are calculated at
20 °C, they were rescaled for temperature and viscosity using
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Figure 5. Collective diffusion function of the mAbs. D, (symbols) for
all of the mAbs investigated at ¢, = 50 mg/mL, at body temperature T
= 37 °C (top) and storage conditions T = 7 °C (bottom), as a
function of the momentum transfer g. Solid lines connecting the
symbols are guides to the eye, while dashed lines represent the
simulated rigid-body diffusion functions of mAb monomers (colored)
and dimers (black) calculated from the PDBs of the proteins using
Jscatter."'® The dimer diffusion was determined by using an example
Fab—Fab dimer built by merging two mADbS structures. Open symbols
represent D'°™8 values obtained from DLS data. For further details, see
the text.

the Stokes—Einstein relation and by a factor accounting for the
crowding effect at the selected concentration.''”

A nontrivial g-dependence of the experimental D(q) is
observed in all samples, also in qualitative agreement with the
diffusion curves obtained from the simulations and with
previous NSE studies on IgG.”> The mAbs investigated under
the same conditions display diverse diffusive dynamics (Figure
S). For instance, mAbS shows a faster diffusion compared to
mAbl12 and mAbl6 (Figure S, top), which are the ones
exhibiting higher viscosities already at 50 mg/mlL, as reported
in Table 2. The shape of their D.z(q) at 7 °C (Figure S,
bottom, cyan, and green symbols) is instead peculiar and to be
interpreted with the aid of DLS data simultaneously collected
on these two mAbs, which reveal abrupt changes in the
correlation functions while cooling to 7 °C; in addition, after
the measurements the two samples showed signs of
opalescence and phase separation. These observations indicate
that the solutions underwent changes during the experiment,
resulting in NSE data points collected at different instrument
configurations representing varying sample conditions rather
than a consistent state. The peculiar behavior of the diffusion
curve is therefore signature of phase separation.*® Further
details are given in the Supporting Information. In Figure 5,
the experimentally derived D.4(q) is compared to the one
calculated via MD simulations using the PDB structures of the
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mAbs and considering them as rigid bodies. These calculated
diffusion functions are shown as colored dashed lines in Figure
S for monomeric structures, while an example of a dimer
diffusion is depicted as a black dashed line. In this case, the
dimer structure was built by manually combining two mAbS
monomers via their Fab arms. The comparison between the
experimental and computed diffusion of the mAbs provides
insights on their clustering behavior. Figure 5 shows that all of
the experimental diffusion functions lie under the prediction
for their corresponding monomeric structure, indicating
oligomerization already at 50 mg/mL at 37 °C, which becomes
more marked at 7 °C. For most of the mAbs, D(q) lies
between the monomeric and dimeric diffusion predictions,
consistent with NBS results from our previous work.*® The
mAbs exhibiting higher viscosity lie instead under the dimer
line as already observed,*® suggesting the presence of attractive
intermolecular interactions.”®"'® This can lead to the
formation of short-lived clusters of more than two mAb
monomers in these samples, e.g., trimers or small network-like
assemblies, which have been previously identified as the cause
of opalescence and high viscosity in mAb solutions.***>'"”
Since the clusters do not reach sizes larger than dimers for
“well-behaved mAbs” and small oligomers for the stickiest
ones, the aggregation mechanism might be nucleation-
dominated (ND).” In order to approximately determine the
number of monomers per cluster for every mAb, an average
aggregation number N, was calculated assuming a cluster
fractal dimension d; = 3 as follows: Nyg,5 = MeE/vem ~ (RefY
Ri™)3, where MZ® and M{™ are the molecular weight of an
experimentally observed aggregate and of a simulated mAb
monomer, respectively, both proportional to the third power of
their hydrodynamic radii R{f and R{™ According to the
Stokes—Einstein relation, R, ~ 1/D(q — 0); therefore, Nigg3 ~
[Deff(q - 0)/D51m(q - 0)]3) where Dsim(q - 0) is the NSE
diffusion coefficient at the lowest q measured (0.028 A~
corresponding to the first experimental point in the diffusion
functions in Figure 5). However, a value of di ~ 2 emerging
from SANS data (see Figure S12) suggests that the aggregates
are not fully compact, so a better estimate for N, could be
Ny ~ (RY/R™)? ~ [Delq = 0)/Dyn(q — 0)]%. At
physiological temperature, N,.,, < 1.7 for the antibodies with
a good viscosity behavior (mAb3, mAbS, mAb9, mAblS,
mAb19, mAb25, and polyclonal IgG), while 2 S N, » < 2.5 for
mAbl12, mAbl16, and mAb4*. After cooling to 7 °C, no
significant changes are observed for most of the mAbs, except
for mAb1S (with N, increasing from 1.7 to 1.8) and mAb4*
(from 2.3 to 2.4). We did not evaluate N,g, for mAb12 and
mADb16 because the solutions appeared either milky and turbid
or phase-separated at 7 °C. Furthermore, it is of great interest
to link N,g, evaluated using both NSE experimental data and
simulated diffusion with the relative mAb solution viscosity #,
at 50 mg/mL and 25 °C (Table 2). For IgGl mAbs, an
increase in N,g, corresponds to a higher solution viscosity,
whereas for mAb4*, the only IgG4 in the set, a moderate
propensity to aggregation is not associated with high solution
viscosity. Differences in the relation between viscosity and
cluster size among antibody subclasses have been reported
earlier and were attributed to subclass-specific “interaction hot
spots”.'*" One could hypothesize that mAb4* forms less
extended clusters due to its intrinsic rigidity compared with the
other IgGl mAbs. The change in N, upon temperature
variation for all of the samples is reported in the Supporting
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Information, along with #, (25 °C) trend vs N,,, (for both d; =
2, 3).

Figure S also shows how cooling to 7 °C slows all of the
dynamical components, from the translations at low g to the
internal relaxations at higher g, by smoothing the D 4(q). The
drop in temperature also strengthens the PPIs, binding, for
example, Fab from one mAb and Fc from another, thus altering
the internal dynamics of individual proteins.'*" Also note that
the purple curve representing mAb4* (the only IgG4 in the
set) appears to be smoother than the others depicting the rest
of the mAbs investigated (all IgG1), consistent with the well-
known reduced flexibility of the IgG4 variant compared to
IgGl.()8

Since at finite concentrations intermolecular interactions
cannot be neglected, D.z(q) contains information about the
sample solution structure and its hydrodynamic interaction
and can be expressed as''’

_ . H@
Para) = Doy )

with S(q) and H(q) being the structure factor obtained from
SANS and the hydrodynamic function, respectively. At infinite
dilution, there are no hydrodynamic interactions; therefore,
H(gq) = 1. At nonzero particle concentration, the hydro-
dynamic interactions give rise to undulations in H(gq).""”
Furthermore, the coefficient of the second-order term in the fit
function used (eq 4), that is k, can be linked to the
polydispersity of the samples via the following relation
borrowed from light scattering theory'*>'*’

ky

k!

88

PDI =
(8)

The polydispersity index (PDI) trend vs q from NSE fits is
reported in Figure S2. Overall, mAb solutions with lower
viscosity are characterized by mild polydispersity, while mAb12
and mAbl6 are characterized by a moderate one. MADb4*
solution is also quite polydisperse despite its viscosity being
below the threshold for SC injectability. Furthermore,
polydispersity increases upon cooling from 37 to 7 °C and
the shape of PDI(q) becomes less smooth for all of the mAbs,
especially for mAb1S, mAb4¥, and mAb2S.

3.2.1. Fixed-Angle Dynamic Light Scattering. DLS data at
a fixed angle were collected in order to monitor sample
stability over time while conducting the NSE experiment. For
the samples showing a basically constant decay over time,
namely, all of the solutions at 37 °C, the correlation functions
&(t) obtained were fitted with a single exponential indicating
one relaxation process

g, () = A(1 + Be™ ') (9)
with A and B being the baseline and the intercept of the
correlation function, respectively, and

I = D¢’ (10)
where D!"8 is the long-time collective diffusion coefficient, as
opposed to the short-time one obtained from NSE. The
momentum transfer q probed reads

0

—sin—
0 2 (11)
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where 4y = 632.8 nm is the laser wavelength, 6 = 90° is the
fixed angle where the scattered light is detected, and n = n(4,,
T) is the refractive index of D,O calculated at the temperatures
of interest via interpolation from existing data fitted with the
Cauchy formula as in ref 124. The values obtained are 1.33 and
1.32 at 7 and 37 °C, respectively. The momentum transfer
probed by the DLS measurements performed is therefore
0.0186 AL, as calculated from eq 11, corresponding to a real-
space distance of 33.8 nm, much larger than the hydrodynamic
radius of an antibody monomer. This approach was also
applied to the samples at 7 °C, along with a double-exponential
fit for the ones exhibiting an additional shoulder and a more
turbid visual appearance, e.g, the stickiest and most viscous
ones (mAb12 and mAb16). DLS was a very useful diagnostic
tool for assessing solution stability during the NSE
investigation, revealing phase separation and helping in data
interpretation. From the single-exponential fits, the long-time
collective diffusion coeflicient D™ and the hydrodynamic
radius Ry, of the samples were extracted, the latter calculated
based on the Stokes—Einstein relation. All correlation
functions obtained from DLS, D" and R, trends over
temperature, some additional information on this analysis,
some pictures of the samples taken after the experiment, and a
more detailed discussion are reported in Sections S1.1 and S2.
DLS can also access the polydispersity index (PDI) in mAb
solutions, which can be systematically studied upon crowding
and related to viscosity."' However, due to the setup used and
samples being at a fixed concentration, systematic information
regarding the PDI is limited for our samples (Figure S9).

3.2.2. Normal Modes (NM) of the Antibodies. The
simulated diffusion function Dy,(q) of different mAbs was
calculated via Jscatter' ' using the PDB files of the proteins as
inputs. Dy, (q) was first evaluated by solely taking into account
the first 6 trivial eigenmodes (3 translational + 3 rotational
degrees of freedom), thus treating the antibodies as rigid
proteins with their shape and anisotropy. Subsequently,
Dgm(q) was calculated progressively by adding the contribu-
tions of higher-order vibrational normal modes (NM). Figure
6 reports Dy, (q) for the mAb monomeric structures and for an
example dimeric one only taking into account translations and
rotations (top plot), and also accounting for additional NM—
other plots, NM 7, 8, 9, 10, 11, 12. From previous NSE studies,
it is known that the antibody flexible hinge region acts as an
entropic spring, around which the three fragments (Fc and 2
Fabs) move with Brownian motion in a harmonic potential.”
The observable diffusive motion of the antibodies should thus
be seen as a combination of these harmonic NM. The NM
effective diffusion curves do not show remarkable differences
among all of the IgG1 monomeric mAbs (Figure 6). However,
mAb12, mAb1S5, and mAb16 reach higher peak values in the
diffusion calculation that includes NM 7, 8, 9, and 11,
suggesting more flexible structures able to explore more
extended modes that may enhance self-association and, hence,
explain their high viscosity.

Major discrepancies are instead observed between IgG1 and
IgG4 proteins, with the latter systematically displaying a
different as well as a smoother shape of the diffusion function
and significantly lower values, especially when additional NM
values are considered, with respect to the IgG1 isotype. This
again points toward a higher rigidity and thus lower propensity
to wide movements of IgG4 with respect to IgG1 molecules,”
as already observed in the D.(q) obtained from NSE data. In
this regard, one might be tempted to fit the experimental
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Figure 6. Simulated effective diffusion Dy, of different mAb
monomeric structures (colored solid lines) and one example Fab—
Fab dimeric structure built using mAbS monomers (black dashed
line) calculated via Jscatter,''® by considering the proteins as rigid
bodies, therefore, only taking into account 3 translational + 3
rotational degrees of freedom (top plot), and by evaluating relaxations
arising from additional normal modes (NM) (other plots, NM 7, 8, 9,
10, 11, and 12).

D.i(q) by using a linear combination of the simulated diffusion
curves. However, due to the hypothesized transient cluster
formation, D.g(q) contains heterogeneous information, and a
quantitative normal-mode analysis based on rigid dimer or
trimer structures would not represent the physics on the
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systems. Therefore, our discussion must remain limited to the
deviation from monomer Dy, and to the calculation of N,g.

3.3. Small-Angle Neutron Scattering. In addition to
providing structural information on the nanometer-to-micro-
meter scale of mAb solutions, SANS also sheds light on their
intermolecular interactions. The intensity of scattered neutrons

measured with SANS is expressed as' 2120
I(q) = n(ApSL)ZV;anP(q)S(q) (12)

with n being the particle number density, Apg; the difference
in scattering length density between the solvent and the sample
particles (also known as the scatterin$ contrast), and Voart
being the volume of a single particle."*>"*® P(gq) is the particle
form factor, determined by the protein shape,'>*'*” which
equals unity in the ¢ — 0 limit. S(gq) is the structure
factor,"**7"*° which contains the information on the mutual
interactions between mAbs and their organization in solution
and S(g) = 1 for ¢, — 0, when PPIs are negligible. From eq 12,
data were fitted via Python-written routines employing a
triaxial ellipsoid P(q) and a sticky hard sphere S(g). The
ellipsoid radii obtained from the fits are globally consistent
upon concentration, temperature, and mAb variant below 20
mg/mL, and their values are in the following ranges, consistent
with previous works:'>' 100—110 A for R, 37—40 A for R,
and 20—-24 A for R. At increasing concentration and
decreasing temperature, an increase in R, is observed for the
mAbs with significant aggregation propensity (mAb4*, mAb12,
and mAb16) with values reaching ~200 A. For mAbs less
prone to aggregation, like mAb3 and mAbS, R, is instead in the
range 75—95 A. Some fit examples for SANS data are shown in
the Supporting Information. Given a minimum accessible g of
0.006 A™' in the SANS experiment conducted, the largest
length scale that can be resolved corresponds to R, = 104.7
nm (= 27/qm;,) in real space. Considering an average antibody
radius R being in the range 4 < R < 6 nm, the g-region
satisfying the criteria gR < 1.3 required for the Guinier
approximation is 0.10 < g < 0.16 A~". Mathematically, the
Guinier approximation for the scattering intensity reads

R2

g 2
InI(q) = In I(0) 3 q (13)
where I(0) is the intensity at zero scattering angle and R, is the
radius of gyration of the particles.

In Figure 7, we report the curves for different mAbs at the
same concentration of 20 mg/mL at T = 37 °C (top) and T =
21 °C (bottom). SANS profiles for the samples at other
concentrations and mAb9 data at T = 7 °C are reported in the
Supporting Information. An example of a concentration series
measured for mAb4* (Figure 8) shows a decreasing intensity
at low g and decreasing protein concentration, which is indeed
expected for these systems. Large error bars at q ~ 0.04 A~
arise from stitching together data from two detectors, with this
specific q being the overlap point. Moreover, a slight intensity
decrease at the lowest g is observed for 2, 5, and 10 mg/mL
(Figure 8). Due to the lower amount of material present in
solution upon dilution, the signal-to-noise ratio decreases and
so does the intensity. For the same reason, at these
concentrations, it is more likely to have buffer subtraction
issues.

At first glance, one can already hypothesize about the nature
and intensity of PPIs. In particular, mAb16 and mAb12 (cyan
and green curves in Figure 7) display high values of I(q — 0),
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Figure 8. SANS profiles of mAb4* (IgG4) at T = 37 °C at different
protein concentrations ¢, ranging from 50 to 2 mg/mL, background-
subtracted taking into account the volume fraction occupied by the
solvent.

clearly suggesting the presence of more attractive PPIs already
at 20 mg/mL. mAbS (coral square curve) shows, on the other
hand, lower intensity at low g, indicating the presence of more
repulsive interactions. The effect of temperature variation on
the curves is more subtle. These qualitative considerations are
also confirmed by a quantitative Guinier analysis performed on
all samples by using eq 13. We note that the Guinier analysis
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was also performed on the samples with non-negligible S(q)
effects, so the radius of gyration obtained is an apparent one
and will be denoted with RFP. Despite this, detecting changes
in R is, anyway, very informative for potential oligomeriza-
tion. An increase in RJP" is observed at the following
conditions: (i) at increasing c, for every mAb individually,
due to crowding effect; (ii) for the mAb variants exhibiting
higher solution viscosities at the same c,; and (iii) at decreasing
temperature. Guinier plots with fit results for all of the samples
are reported in the Supporting Information, along with RFFP
trends over mAb concentration and temperature. Regarding
mADb4*, despite its clustering propensity inferred from NSE, it
displays a lower apparent R compared to the most viscous
IgG1 mAbs (mA12 and mA16). Its higher molecular rigidity—
extensively documented in literature” and also visible in its
SANS curves with quite sharp peaks in Kratky representation
(see the Supporting Information)—causes it to explore fewer
conformations and form less extended aggregates than mAb12
and mAbl6, which may instead form assemblies with

. . . » 120
“inefficient packing”.

4. CONCLUSIONS

In this work, we present a systematic comparison of an
unprecedented series of monoclonal antibodies (mAbs)—8
IgG1 and 1 IgG4—evaluating various physicochemical proper-
ties, such as macroscopic viscosity, multiscale diffusion,
protein—protein interactions (PPIs), and molecular flexibility.
This study builds on previous findings that observed the
formation of transient, small clusters in mAb solutions, which
dissociate at physiological temperatures.”® Via NSE, we
investigate the collective diffusion of the mAbs in the g-region
from 0.03 to 0.19 A™, corresponding to a longer length scale
than the one previously probed by NBS,* and to longer
coherence times. We observe that all of the mAbs undergo self-
association in the time window explored. These transient
clusters are composed of dimers, trimers, and network-like
assemblies associating in a nucleation-dominated (ND)
mechanism,*® often leading to solution opalesce and even
phase separation. In the present work, in situ fixed-angle DLS
was used as an essential diagnostic tool in order to monitor the
solution stability over time and temperature variation during
NSE measurement. Notably, we observe the formation of
transient clusters at concentrations of 50 mg/mL, which is
below the concentrations typically required for pharmaceutical
formulations to be administered via subcutaneous injection. As
observed in previous works, studying protein solutions at
semidilute conditions could still help in the understanding of
their behavior at high concentrations.*”*>"**"** This raises
important considerations for formulation development.

Additionally, we compare our NSE experimental results with
the simulated diffusion calculated from the PDB files of all of
the antibodies, and we find qualitative agreement between the
two. Through this comparison, we also confirm the hypothesis
of small clusters formed by few monomers by estimating the
number of monomers per aggregate, and we relate it to the
solution viscosity. Moreover, both NSE data and normal-mode
(NM) analysis highlight differences in the microscopic
dynamics of IgG1 and IgG4 antibodies, particularly in terms
of their molecular flexibility, which appears to favor the first
over the latter.

SANS measurements were also carried out to assess the
nature and intensity of intermolecular interactions, revealing a
higher aggregation propensity in solutions for the mAbs with

the highest macroscopic viscosities, which becomes more
important at a decreasing temperature. Remarkable differences
between the IgG4 mADb and all of the other IgG1 variants are
revealed by SANS too. Aided by all of the techniques
employed in this work, we can hypothesize that the more
pronounced rigidity of the IgG4 mAb studied here limits its
ability to explore different conformations and influences its
cluster formation. In fact, despite its moderate aggregation
propensity, its solution viscosity still remains below the SC
injectability threshold even at high concentrations, meaning
that it can form less extended assemblies with a more efficient
packing.

In conclusion, key factors typically influencing the behavior
of mAbs in solution include surface charge and hydrophobicity,
which play crucial roles in determining both molecular
interactions and aggregation tendencies. In the present case,
we hypothesize that hydrophobic interactions can drive Fc—Fc
association in all variants but electrostatic Fab—Fab
interactions play a major role in leading to high viscosities.

These insights provide a deeper understanding of the
physical properties of mAb solutions in general, offering
valuable guidance for optimizing therapeutic antibody
formulations and further corroborate the efficacy of neutron
scattering techniques for pharmaceutical applications.
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