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Gaining knowledge on the stability and viscosity of concentrated therapeutic protein solutions is of great
relevance to the pharmaceutical industry. In this work, we borrow key concepts from colloid science to
rationalize the impact of aggregate formation on the changes in viscosity of a concentrated monoclonal
antibody solution. In particular, we monitor the kinetics of aggregate growth under thermal stress by
static and dynamic light scattering, and we follow the rise in solution viscosity by measuring the diffusion
coefficient of tracer nanoparticles with dynamic light scattering. Moreover, we characterize aggregate
morphology in the frame of the fractal geometry. We show that the curves of the increase in viscosity
with time monitored at three different protein concentrations collapse on one single master curve when
the reaction profiles are normalized based on an effective volume fraction occupied by the aggregates,
which depends on the aggregate size, concentration and morphology. Importantly, we find that the viscosity
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of an aggregate sample is lower than the viscosity of a monomeric sample of a similar occupied volume
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Introduction

Improving our understanding of protein stability in crowded
environments is of primary importance in various research areas.
From the study of cellular proteins in living organisms to the pro-
cessing of therapeutic proteins in the pharmaceutical industry, most
of the protein solutions finding relevant applications in biology and
biopharmacy are indeed encountered in highly concentrated con-
ditions. In this work, we focus on the stability of monoclonal
antibodies (mAbs), which represent promising therapeutics in the
treatment of a number of human diseases and now occupy the
largest part of the biopharmaceutical market." MAb-based drugs
generally require administration at high protein concentrations, in
the order of 80 g L™ or more. However, guaranteeing drug stability
at such high concentration is challenging due to the strong
aggregation propensity of proteins.” As the presence of protein
aggregates may severely compromise drug efficacy and drug safety,
there is a crucial need to gain fundamental knowledge on the
mechanism of protein aggregation at high concentration.>*
Another difficulty arising in concentrated protein formulations
is the increase in solution viscosity, which can heavily complicate
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fraction due to the polydispersity of the aggregate distribution.

product handling and delivery by injection.® The viscosity of
protein solutions has been shown to be highly sensitive to the
protein amino acid sequence and to the buffer composition,>™
but also to the presence of protein aggregates.” " Since exces-
sively high solution viscosities would hinder the commercializa-
tion of potential drug candidates, it is paramount to characterize
the solution viscosity during the early stages of product formula-
tion. Due to the limited amount of material available during drug
development, effort is put towards the design of new methods
for measuring solution viscosity at the microliter scale.'*"?
Moreover, the analysis of traditional rheological data of protein
solutions is a rather delicate task and requires some caution
due to the complex behavior of proteins under shear.'*"'* In this
work, we follow the methodology proposed by He et al.,"* which
consists of measuring the diffusion coefficient of tracer nano-
particles immersed in concentrated protein solutions with
dynamic light scattering. While the experiments of the initial
work were carried out under native conditions, we extend the
technique to denaturing conditions with a view to quantifying the
impact of aggregation on the solution viscosity. This method,
which offers the advantages of being relatively time and material
saving, allows one to measure the increase in solution viscosity
in situ without shearing the sample, which may potentially induce
rearrangement or breakage of loose aggregates.

Even though the irreversible aggregation and the reversible
self-association of protein molecules have already been reported
to increase the solution viscosity,”™" a theoretical framework
allowing the prediction of the impact of aggregate concentra-
tion, size and morphology on solution viscosity is still lacking.
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Herein, we propose to borrow key concepts from colloid science
to rationalize the impact of the formation of irreversible protein
aggregates on the increase of solution viscosity. Indeed, even
though proteins in aqueous media are molecular mixtures, and
thus represent true solutions, they can be treated in many
respects as colloidal dispersions. As a matter of fact, protein
molecules lie in the colloidal range: they are sufficiently small to
be subjected to Brownian motion and sufficiently large com-
pared to solvent molecules so that the solvent can be regarded as
a continuum.

In this context, we study the heat-induced aggregation of a
model monoclonal antibody, and we correlate the increase
in the solution viscosity with the increase in the aggregate
occupied volume fraction. This type of accelerated studies,
although performed under thermal stress, can provide funda-
mental insights into the aggregation process, which may prove
to be relevant under storage conditions too. The key notion of
occupied volume fraction, which has already been proven to be
useful to study the rheology of aggregating colloidal dispersions,®*”
is applied here to a protein system. Since the occupied volume
fraction depends not only on the aggregate size and concen-
tration, but also on the aggregate structure and compactness, we
characterize the aggregate morphology experimentally by using
light scattering techniques. We quantify aggregate morphology
in the frame of the fractal morphology, which allows one to
quantify aggregate compactness through the definition of one
measurable parameter, the fractal dimension. The concept of
fractal scaling has been proven to provide a simple and valuable
description of irregular aggregates for a large variety of colloidal

systems,'®2* and for proteins in particular.**™*’

Materials and methods
Antibody sample preparation

The monoclonal antibody used for this study was a glycosylated
IgG1 of industrial origin, with theoretical isoelectric point lying
between 8 and 9.2.

The antibody solution was stored at a protein concentration
of 70 g L™" in a buffer solution at pH 6.5 containing 20 mM
histidine and 250 mM sorbitol. Prior to aggregation experiments,
the antibody stock solution was dialyzed against a 20 mM
histidine buffer at pH 6.5 by using dialysis cassettes with a cut-off
molecular weight of 7 kDa (Slide A Lyzers cassettes, Thermo Fisher
Scientific) in order to remove sorbitol. The dialysis was performed at
4 °C under gentle stirring for at least 18 hours. The dialysis buffer
was renewed two times (once after 2 h and once after 4 h of dialysis)
and the volume of the dialysis buffer was five hundred-fold larger
than the volume of the sample to be dialyzed. The protein concen-
tration of the stock solution after dialysis was checked by UV
absorption at 280 nm.

All the samples for the aggregation studies (performed in the
protein concentration range 20-60 g L~ ') were prepared by
diluting the dialyzed stock solution to the targeted concentra-
tion with a 20 mM histidine buffer at pH 6.5. For the viscosity
measurements of the monomeric protein solution at concentrations
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larger than 60 g L™, the protein solution was concentrated
by centrifugal ultrafiltration using a 30 kDa cut-off molecular
weight membrane (Vivaspin 500, VS0121, Sartorius).

All the chemicals required for buffer preparation of the highest
purity available were purchased from Sigma. The buffer solutions
were filtered through a 0.1 pm cut-off membrane filter (Millipore).

Dynamic light scattering

Isothermal aggregation kinetic measurements were performed
under thermal stress at the temperature of 70 °C, which is
approximately the melting temperature of the mAb, as revealed
by circular dichroism experiments carried out in a previous
study.>® The increase in the average aggregate hydrodynamic
radius with time was monitored by dynamic light scattering
(DLS) measurements performed both in batch mode by using a
Zetasizer Nano (Malvern), and after elution in a size exclusion
chromatography column by using a Dawn-Heleos II device equipped
with a DLS module (Wyatt, Santa Barbara, CA, USA) and assembled
on an Agilent series HPLC unit (Santa Clara, CA, USA).

It was shown in a previous study that mAb-1 aggregates are
irreversible upon dilution and are not significantly impacted by
the cooling required for off-line analysis at room temperature.>?

The points and error bars reported in the plots correspond to
the average and standard deviation of measurements performed
on at least two independent aggregate samples.

Batch mode. The samples analyzed by batch DLS were incu-
bated directly in the DLS instrument in a quartz cuvette (ZEN 2112,
Malvern), and then quenched on ice for a few minutes before
measuring the aggregate size at room temperature. In order to
prevent evaporation, a custom made plastic cap was added to the
cuvette to reduce the air volume on top of the sample.

The aggregate size was estimated from the extrapolation to
zero protein concentration by performing successive dilutions,
as further explained in the main text.

DLS measurements were performed at the fixed angle of
0 = 173° by using a laser with wavelength 4 = 633 nm. Briefly,
the fitting of the autocorrelation function with the method of
cumulants allows the determination of the average diffusion
coefficient D, which is connected to the average hydrodynamic
radius of the aggregates (Ry,) by the Stokes-Einstein equation:

kgT

= 6o (Ry) @

where kg is the Boltzmann constant, T the temperature, and
1o the solvent viscosity.

The mean aggregate size provided by the methods of cumulants
is the so-called z-average. It is mathematically stable and relatively
insensitive to noise, making it the preferred parameter to esti-
mate the aggregate size from DLS measurements. Therefore,
unless otherwise stated, the reported values of the hydrodynamic
radius correspond to the z-average. Nevertheless, the volume and
the number average size, which are computed from the volume
and number aggregate distributions, respectively, were also con-
sidered with a view to assessing the impact of the selected
averaging method on the estimated mean aggregate size (see
Discussion section).

This journal is © The Royal Society of Chemistry 2015
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Flowing mode. The samples analyzed by size exclusion
chromatography with inline light scattering were incubated in
a block-heater (Rotilabo H 250, Roth, Karlsruhe) in hermetically
sealed HPLC vials containing 250 pL inserts (Agilent Technol-
ogies, part number 5182-0716, 5181-1270 and 5182-0721 for vials,
inserts and caps, respectively). To improve heat transfer, 1 mL
of aggregation buffer was added in the space delimited by the
vial and the insert. Aggregated samples were quenched in an
ice-water bath for a few minutes and injected immediately
afterwards in the size exclusion chromatography column
(Superdex 200 10/300 GL, GE Healthcare, Uppsala, Sweden).
The samples were eluted for 45 min at a constant flow rate of
0.5 mL min~" using as the mobile phase a 100 mM phosphate
buffer containing 200 mM Arginine at pH 7.0, which has been
shown to improve sample recovery.?® The eluting species were
detected by UV absorbance at 280 nm and by a DLS detector
(4 =658 nm, 0 = 100.3°). The aggregate hydrodynamic radius
was determined with the Astra software (Wyatt, Santa Barbara,
CA, USA), by averaging all the hydrodynamic radius values measured
across the aggregate peak. A representative SEC chromatogram
and an example of a correlation function measured inline are
presented in Fig. S1 of the ESL¥

It was verified by this technique that the non-heated anti-
body does not associate in the range of concentrations inves-
tigated in this study (see Fig. S2 in the ESIf).

Fractal dimension measurement

The aggregate morphology was investigated by static and dynamic
light scattering measurements. The aggregate fractal dimension
dr and the scaling prefactor ks were estimated from the correlation
between the aggregate weight-average molecular weight (MW)
and the aggregate average hydrodynamic radius (R},) according to:

(MW) . /(Rn) @
ww, = (%) @)

where MW,, = 150 Da and R, = 12 nm are the molecular weight
and the hydrodynamic radius of the monomeric protein,
respectively.

Aggregate samples of different sizes were produced by heating
protein samples in a block heater (Rotilabo H 250, Roth, Karlsruhe)
for various incubation times. The samples were analyzed through a
size exclusion chromatography column equipped with an inline
multi-angle light scattering detector, as described in the previous
section. The aggregate weight-average molecular weight and the
aggregate average hydrodynamic radius were determined from the
static and dynamic light scattering results, respectively, by using
the Astra software (Wyatt, Santa Barbara, CA, USA), as further
detailed in the ESL The log linearization of eqn (2) for aggre-
gates of different sizes allows the determination of the scaling
parameters df and k.

It was verified that these measurements give results that are
consistent with the static light scattering data reported in our
previous work, where it was shown that d¢ = 1.85 at the protein
concentration of 1 g L ™" from the dependence of the structure
factor on the g-vector.?

This journal is © The Royal Society of Chemistry 2015
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Tracer nanoparticle synthesis

Poly(methyl methacrylate) (PMMA) based nanoparticles were
synthetized through bulk emulsion polymerization in a three-
neck round-bottom flask equipped with a reflux condenser and
a thermocouple. Stripped deionized water was introduced in the
reactor and heated to 70 °C with an oil bath placed on a hot-plate
stirrer. The reactor atmosphere was kept inert by flushing the
reaction set-up with nitrogen. The surfactant (hexadecyltrimethyl-
ammonium bromide, abbreviated as CTAB) and the monomers
(methyl methacrylate and 2-methacryloyloxyethyltrimethylamonium,
abbreviated as MMA and META, respectively) were then added
in the reactor. Finally, the initiator (2,2'-(diazene-1,2-diyl) bis-
(2-methylpropanimidamide) dihydrochloride, abbreviated as INI)
was injected to initiate the polymerization. The reaction volume
was 100 mL, with the following mass concentrations: 5%
Wama/Wror, 0.06% Wyvera/Wror, 0.0125% Werap/Wamma, and
0.02% wini/Wmma. The reaction time was 2 h.

The synthesized nanoparticles had a final hydrodynamic
radius R = 99 nm and a zeta potential of 49.7 + 0.9 mV, as
measured using a Zetasizer Nano (Malvern). Positively charged
nanoparticles were produced with the purpose of reducing
attractive interactions with the antibody molecules which carry
a net positive charge, as evidenced by the positive value of the
zeta potential (5.7 + 3.5 mV).”

Viscosity measurement

The viscosity of protein solutions was estimated by measuring the
diffusion coefficient of the tracer nanoparticles with dynamic light
scattering, both in the solvent (Dpo) and in the concentrated
protein solution (D). According to the Stokes-Einstein equation
applied to the tracer particle of hydrodynamic radius Ry, both in
solvent and in the protein solution:

(3)

It follows that the solution viscosity # can be estimated
according to:

Dy
n= WOD—tt (4)

where 7, is the viscosity of the solvent.

This technique has been shown previously to provide similar
values than traditional measurements performed using a rheo-
meter provided that the tracer particles are sufficiently large as
compared to the surrounding protein molecules, and that the
tracer particles are stable in the protein solution.™*’

In this study, this method was used to measure both the
viscosity of monomeric protein solutions at 25 °C, and to evaluate
the increase in solution viscosity due to aggregate formation at the
elevated temperature of 70 °C. The aggregation experiments were
performed in situ in a quartz cuvette covered with a custom
made plastic cap to limit sample evaporation. The total sample
volume was 65 pL and the volume fraction of tracer
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nanoparticles was 1.4 x 107>, The dilution of the protein by
addition of the nanoparticles was accounted for during sample
preparation. The points and error bars reported in the plots
correspond to the average and standard deviation of measure-
ments performed on at least two independent samples.

In order to prove the applicability of this technique to the
system under investigation, we performed rheological measure-
ments with monomeric protein solutions under stable condi-
tions. It can be seen in Fig. S3 of the ESI,} that viscosity results
obtained from the measure of the diffusion coefficient of tracer
nanoparticles by DLS, and viscosity values obtained from rheo-
metry are in very close agreement.

The main limitation of the DLS technique is related to the
interactions between the tracer nanoparticles and the protein
molecules, which can potentially lead to nanoparticle aggrega-
tion.>® We proved experimentally that the tracer nanoparticles
are stable under the conditions of interest, and that they are not
affecting the kinetics of mAb aggregation by successively verifying
that: (i) the elevated temperature required to induce mAb aggre-
gation does not destabilize the nanoparticles (Fig. S4(a), ESIt);
(ii) the nanoparticles are stable in the presence of mAb molecules
under native conditions (Fig. S4(a), ESIt); (iii) the size of the
nanoparticles is unchanged after mAb aggregation has been
induced at high temperature (Fig. S4(b), ESIt); (iv) the measured
viscosity is independent of the concentration of tracer particles
(Fig. S5, ESIT). These data are reported in the ESLY

Moreover, the accurate measurement of the solution viscosity
from the diffusion coefficient of tracer nanoparticles relies on
the assumption that the nanoparticles do not interact via long-
range electrostatic interactions with the protein molecules.* The
validity of this assumption can be assessed from the comparison
between the Debye length, which quantifies the thickness of the
diffusive layer, and the size of the nanoparticles. To do so, the
Debye length can be computed from the inverse of the Debye
parameter, which is defined as:

[2e2N, I
M= BoﬁkBT (5)

where N, is the Avogadro number, e is the elementary charge, ¢,
is the vacuum permittivity, ¢ is the relative dielectric constant of
the medium and I is the ionic strength of the solution.

In a buffer of 20 mM histidine, it is computed that the Debye
length is equal to 3.8 and 4.1 nm, at the temperatures of 25 and
70 °C, respectively. The Debye length is thus much smaller than
the tracer particle size, implying that the electrostatic inter-
particle interactions are short-ranged. Therefore, it can reason-
ably be assumed that the viscosity measurements are not affected
by the electrostatic repulsion between the nanoparticles and the
protein molecules.

Results

Aggregation kinetics experiments were performed at neutral pH
under thermal stress (pH 6.5, 70 °C) at three mAb concentra-
tions (20, 40, and 60 g L™"). First, we report the results of the
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increase in solution viscosity with time. Then, we correlate the
observed increase in viscosity with the increase in aggregate
size at each protein concentration. Finally, we show that the
increase in solution viscosity can be rationalized by using the
concept of occupied volume fraction, which accounts for protein
concentration, aggregate size and aggregate fractal dimension.

Kinetics of aggregation

The increase in solution viscosity with time was estimated from
the diffusion coefficient of tracer nanoparticles measured by
DLS in situ. As explained in the Materials and methods section,
preliminary experiments have been performed in order to prove
the validity of this technique (data are shown in the ESIf).
In particular, it has been shown that this technique provides
viscosity values which are similar to those obtained from rheo-
logical measurements for monomeric protein solutions under
stable conditions. Moreover, it has been demonstrated that the
nanoparticles are stable in the mAb solution, and that the
viscosity measurements are independent of the concentration
of tracer particles.

Fig. 1a shows the kinetics of viscosity increase for the three
considered protein concentrations. It can be seen that, as expected,
the higher the protein concentration, the faster is the rise in
solution viscosity.

In a second type of experiments, the growth of protein
aggregates with time was monitored (in the absence of nano-
particles) with DLS. Fig. 1b shows the increase in hydrodynamic
radius for the three investigated protein concentrations measured
both in batch and in flowing modes.

It is worth mentioning that the accurate determination of the
protein aggregate size requires performing measurements under
dilute conditions. Indeed, the value of the diffusion coefficient
D measured by DLS is affected both by protein-protein inter-
actions and by hydrodynamics effects (including viscosity effects),
which become significant at high protein concentration. These
non-ideal effects can be quantified by the interaction para-
meter kp, which is defined as the first order concentration
dependence of the diffusion coefficient:

D =Dyl +kpc+...) (6)

where ¢ is the protein concentration, and D, is the extrapola-
tion of the diffusion coefficient to zero protein concentration.
For a solute of molecular weight MW and of partial specific
volume 7, the interaction parameter kp can be related to the
second virial coefficient B,, and to the first order concentration
dependence of the friction coefficient ks according to:*'

kD = 2B22MW — ks - (7)

Samples analyzed by SEC-DLS are extensively diluted during
elution in the chromatography column and thus reach the light
scattering detector at sufficiently low protein concentration.
Samples analyzed by batch DLS instead require manual dilu-
tion before analysis, which is performed at room temperature
to avoid further aggregation. It is worth mentioning here that
the mAb aggregates were shown to be irreversible upon dilution
in a previous study.?® In Fig. 2a, we show the impact of protein

This journal is © The Royal Society of Chemistry 2015
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Fig. 1 (a) Increase in solution viscosity with time followed by measuring
the diffusion coefficient of tracer nanoparticles with DLS in situ at three
protein concentrations: 20 g L™ (@), 40 g L' (m), and 60 g L™t (A).
(b) Increase in aggregate hydrodynamic radius with time at the same three
protein concentrations. The code for symbol color and shape is the same
as in (a). Open and filled symbols correspond to the measurements
performed with DLS in batch and flowing modes, respectively.

concentration on the apparent hydrodynamic radius measured
by DLS (considering the solvent viscosity) for a monomeric
sample and for four aggregated samples of various sizes. It can
be seen that the measured hydrodynamic radius dramatically
increases upon sample dilution. In Fig. 2b, these results are
presented in terms of diffusion coefficients normalized by the
diffusion coefficient under dilute conditions. Interestingly, the
data points from the five independent samples follow the same
linear trend. This shows that, at least for the system under
investigation, one single interaction parameter kp, is sufficient
to describe both the monomeric and the aggregated protein
solutions. It is also interesting to note that no deviation from the
linear trend is observed up to the high concentration of 60 g L™,
suggesting that higher order terms in eqn (6) can be neglected in
the investigated range of protein concentrations.

It is worth highlighting that the batch and SEC-DLS measure-
ments give access to conceptually different quantities: while batch
experiments provide the average hydrodynamic radius of the
whole sample, SEC-DLS experiments provide the average hydro-
dynamic radius of the aggregate population only, ie. excluding
the monomer. However, in this specific case, most of the

This journal is © The Royal Society of Chemistry 2015
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Fig. 2 Impact of sample concentration on DLS measurements performed
in batch mode at room temperature. (a) Measured hydrodynamic radius as
a function of protein concentration for a monomeric sample (%) and for
four aggregated samples incubated at various protein concentrations and
for different times: 20 g L™* for 20 min (M), 20 g L™ for 40 min (#), 40 g L™*
for 30 min (@), and 60 g L™t for 20 min (A). (b) Normalized diffusion
coefficient as a function of protein concentration. The interaction parameter
kp of the aggregates is similar to the one of the monomer.

monomer is already consumed at the incubation time points where
DLS analysis is carried out, as shown in Fig. S6 of the ESL.{ Moreover,
as the scattered intensity increases with the scatterer radius to the
power of 6, the contribution of the residual monomer to the total
scattered intensity is negligible as compared to the contribution of
the aggregates. Therefore, both batch and SEC-DLS measurements
provide very similar values of the average hydrodynamic radius for
the system under investigation, as can be seen in Fig. 1b. The good
agreement between the two sets of data also supports the validity of
the SEC-DLS analysis, ruling out possible artifacts due to aggregate
breakage or interactions with the column matrix.

Occupied volume fraction

We now correlate the increase in solution viscosity with the
increase in aggregate size. In Fig. 3a, the measured solution
viscosity is plotted as a function of the aggregate hydrodynamic
radius for each protein concentration and each incubation
time. It appears clearly from this set of experimental data that
the solution viscosity increases both with the aggregate size and
with the protein concentration.

Soft Matter, 2015, 11, 5513-5522 | 5517
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Fig. 3 (a) Viscosity increase as a function of aggregate size for three
different protein concentrations: 20 g L™* (@), 40 g L™ (W), and 60 g L™*
(A). (b) Viscosity increase as a function of the estimated volume fraction
(defined by eqgn (11)) for the same three protein concentrations. All the data
from (a) collapse on one single master curve.

In the following, we aim at rationalizing the increase in
solution viscosity with time by introducing an effective volume
fraction occupied by the aggregates, which accounts for the two
contributions identified experimentally: the aggregate size and
the protein concentration. Accordingly, we define the occupied
volume fraction ¢ as:

¢ = ZgnRh,iSNi )

where N; and Ry, ; are the number concentration and hydro-
dynamic radius, respectively, of the aggregates containing i
primary particles.

By approximating the aggregate population to a monodisperse
population of average radius (R;,) and average number concen-
tration (N), we can estimate an approximate volume fraction
¢ with:

p = Je(R) (V) ©)

The average concentration of aggregates can be estimated
from the initial concentration of primary particles (ie. the
initial protein concentration N,) divided by the average number
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of primary particles per aggregate (which is equal to the ratio
between the average aggregate molecular weight (MW) and the
molecular weight of the monomeric protein MW,):

(V) ~ 0

T (MW) /MW, (10

Moreover, the average aggregate molecular weight can be
estimated from the aggregate radius by using the fractal scaling
introduced in eqn (2). The concept of fractal scaling indeed
provides a simple mathematical correlation between the aggre-
gate mass and the aggregate size through the definition of the
fractal dimension, which is a measurable parameter.

Finally, by combining eqn (2), (9) and (10), it results that the
occupied volume fraction can be evaluated from the following
equation:

4 N,
¢ = fn—ORgWRh)‘Ldf

=3k (11)

The above relationship shows that the impact of aggregation
on the occupied volume fraction strongly depends on the
aggregate morphology through the fractal dimension dr and the
scaling prefactor k. For a system characterized by an aggregate
fractal dimension smaller than 3, the increase in aggregate size
with time leads to an increase in the occupied volume fraction.
The more open are the aggregates, ie. the lower is the fractal
dimension, the more pronounced is this effect.

It is worth highlighting that an estimate of the occupied
volume fraction can be obtained using eqn (11) only for fractal
aggregates. Nevertheless, we believe that the key concept of
occupied volume fraction (as defined by eqn (8)) is general enough
to be applied to any kind of aggregate geometry. Although defining
the occupied volume of non-fractal aggregates would require more
theoretical work than the approximation proposed in eqn (11), the
general approach of correlating viscosity increase with the occupied
volume fraction should remain valid even for non-fractal aggregates.

Aggregate fractal morphology

The proper estimation of the occupied volume fraction thus
requires the characterization of aggregate morphology, and in
particular the evaluation of the parameters dr and k¢ These two
parameters can be assessed experimentally directly from the
correlation between the aggregate molecular weight (measured
by SLS) and the aggregate hydrodynamic radius (measured by
DLS) by using eqn (2). Fig. 4 shows the correlation between
aggregate mass and aggregate radius, as determined from a
multi-angle light scattering device, for four protein concentra-
tions: 1, 20, 40 and 60 g L.

Fig. 4b shows the aggregate fractal dimension obtained from
the power law fitting of the experimental data with eqn (2).
It can be observed that the aggregate fractal dimension increases
with the protein concentration, i.e. denser aggregates are pro-
duced at higher protein concentrations. One possible reason is
that in concentrated systems the colliding clusters are likely to
be entangled, thus favoring the formation of bonds in the core
rather than at the tips of the clusters. The impact of the initial
volume fraction ¢, on the fractal dimension df has been

This journal is © The Royal Society of Chemistry 2015
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Fig. 4 Impact of protein concentration on aggregate morphology.
(a) Correlation between aggregate molecular weight and aggregate hydro-
dynamic radius from light scattering experiments. Lines correspond to the
power law fitting of the experimental data. (b) The fractal dimension of
aggregates increases with protein concentration. Experimental data (symbols)
are compared to the correlation (dashed line) proposed by Gonzales et al.
(egn (12)). (c) The scaling prefactor decreases with the aggregate fractal
dimension. Experimental data (symbols) are compared to the correlation
(dashed line) proposed by Ehrl et al. (egn (13)). Error bars in (b) and (c)
represent the 90% confidence interval for the parameter determination
from the regressions shown in (a).

quantitatively investigated by means of Monte-Carlo simulations
by Gonzales et al.,*> who report the following square root type
relationship under diffusion limited conditions:

dr = 1.8+ 0.9y/¢, (12)

This journal is © The Royal Society of Chemistry 2015
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The experimental df values obtained in this work follow a
fairly similar trend, as shown in Fig. 4b.

The power law fitting of the experimental data presented in
Fig. 4a provides not only the aggregate fractal dimension dg, but
also the scaling prefactor k. In Fig. 4c, we plot for each protein
concentration the value of the scaling prefactor as a function
of the measured aggregate fractal dimension. It can be seen
that the prefactor values are close to unity and decrease with
increasing fractal dimensions. This reverse correlation between

ke and d; has already been reported in the literature,**™> and
Ehrl et al. proposed the following empirical fitting:*®
ke = 4.46d; %08 (13)

The experimental values of the prefactor obtained in this
work can be well described by the above correlation, as shown
in Fig. 4c.

Master curve

Knowing the values of the aggregate fractal dimension dfand of
the prefactor kg, it is possible to estimate the occupied volume
fraction for a given aggregate size and protein concentration
through eqn (11). In Fig. 3b, we plot the solution viscosity as a
function of the occupied volume fraction for the three investigated
protein concentrations. Most remarkably, all the data points, which
were collected at several incubation times and several protein
concentrations collapse on one single master curve. This demon-
strates that the impact of aggregate formation on the increase in
viscosity of protein solutions can be successfully rationalized by
using the key concept of occupied volume fraction.

Discussion

We studied the impact of irreversible aggregate formation on
the viscosity increase of a mAb solution subjected to thermal
stress in the protein concentration range from 20 to 60 g L.
The rise in viscosity was monitored by measuring the diffusion
coefficient of tracer nanoparticles by using dynamic light
scattering in situ, while the kinetics of aggregate growth was
followed by off-line DLS measurements performed both in batch
and in flowing modes. The two types of measurements provided
similar values of the aggregate hydrodynamic radius provided
that the samples analyzed by batch DLS were diluted to a
sufficiently low protein concentration (i.e. at around 1 g L™%).

Protein-Protein interactions

Interestingly, we found that the diffusion coefficients of aggre-
gates of different sizes have similar dependence on the protein
concentration compared to the monomer. This suggests that
protein interactions can be estimated in a coarse-grained manner
by using a single interaction coefficient kp, both in a monomeric
and in an aggregated solution. In the following, we attempt to
deepen this finding and its implications on the second virial
coefficient between protein aggregates. In order to do so, we
simplify the expression of kp given by eqn (7) by estimating
the contribution of the various terms for this specific system.

Soft Matter, 2015, 11, 5513-5522 | 5519
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First, the partial specific volume, which is in the order of
0.7 mL g~ *,%” is neglected with respect to kp, which was evaluated
here to kp = 20.8 mL g . Second, it is assumed that the
sedimentation coefficient ks can be approximated by the diffusion
coefficient kp. Indeed, ks was reported to be of the same order of
magnitude than kp for several monoclonal antibodies character-
ized by kp values in the order of 20 mL g~ ', which are values
typically encountered at low ionic strength.®*® These two simpli-
fications imply that eqn (7) reduces to:

kp = B;yMW (14)

Since it was shown experimentally that the diffusion coefficient
kp, of several aggregated samples is similar to the one of the mono-
meric protein, it follows that the second virial coefficient between
aggregates of molecular weight MW" (denoted as Bj,) can be
roughly estimated from the second virial coefficient between
monomeric molecules of molecular weight MW, (denoted as
BY3) according to:

A MMWA
By, = By MW, (15)

Nevertheless, it must be underlined once more that eqn (15)

is valid only under the assumptions of ks ~ kp and ¥ « kp.

Master curve

The increase in the volume fraction during time was then
computed from the protein concentration, aggregate size and
fractal dimension, which was measured by SLS. We showed
that when plotted as a function of the occupied volume frac-
tion, the kinetics of viscosity increase obtained at three differ-
ent protein concentrations collapse on one single master curve
(Fig. 3Db).

It is then interesting to compare this master curve, which
was constructed by analyzing aggregated samples of various
sizes and protein concentrations, with a similar curve obtained
with monomeric samples only, which were prepared at several
protein concentrations. In Fig. 5, we plot the data obtained with
aggregated samples under thermal stress (black circles) and
compare them to viscosity measurements performed on mono-
meric samples at room temperature (back stars). The results are
presented in terms of normalized viscosity in order to remove
the impact of temperature on the solvent viscosity. It can be
observed that the two curves do not collapse. Indeed, the curve
obtained with monomeric samples lies above the curve con-
structed with aggregated samples. Three main possible reasons
can be put forth to explain this observation:

(i) The evaluated occupied volume fraction is overestimated
because clusters interpenetrate due to the high protein
concentrations.

(ii) The evaluated occupied volume fraction is overestimated
because the average value of the hydrodynamic radius which
was considered to compute the occupied volume fraction is
biased towards large aggregate sizes. Indeed, for a given aggre-
gate size distribution, several values of the average size can be
computed, and the z-average, which is commonly evaluated in
DLS experiments, gives prominence to large aggregate sizes.
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Fig. 5 Normalized solution viscosity as a function of the occupied volume
fraction for a monomeric protein solution at 25 °C (stars) and for aggre-
gated samples at 70 °C (circles). The occupied volume fraction of the
aggregated samples was computed by using the z-average (black circles),
the volume average (grey circles) or the number average (white circles)
aggregate radius. The data computed from the volume average and number
average aggregate radius correspond to the batch DLS measurements only.

(iii) At a given occupied volume fraction, the viscosity of a
monomeric solution is higher than the viscosity of an aggre-
gated sample due to the polydispersity (i.e. the broadness) of
the aggregate distribution. Polydisperisty is indeed known to
decrease the viscosity of colloidal dispersions.**™*?

It can be observed in Fig. 5 that even at the early-stages of
the aggregation process (let say for ¢ values up to 0.3), where
cluster overlapping can be considered negligible, the viscosity
of the monomeric protein solutions is even larger than the
viscosity of aggregated samples of similar volume fractions.
This suggests that assumption (i) alone is unlikely to explain
the observed results.

In order to assess the likelihood of explanation (ii), we
estimated the impact of the choice of the definition used to
compute the average aggregate size on the computed occupied
volume fraction. In order to do so, we compared the results
obtained with the z-average to those obtained with the number
average and the volume average aggregate radius for the batch
DLS measurements. In Fig. 5, it can be seen that the selected
type of average strongly impacts the value of the estimated
volume fraction. In particular, for a given aggregate population,
the volume fraction computed based on an average aggregate
size scales in this order: number average < volume average <
z-average. Nevertheless, it is worth highlighting that for each type
of average, a master curve is obtained when the kinetic profiles
acquired at different protein concentrations are normalized
based on the occupied volume fraction. This shows that, even
though the absolute values of ¢ must be taken with some caution
due to the difficulty of estimating the occupied volume fraction
from experimental data, the concept of occupied volume frac-
tion is key to rationalize the viscosity increase during aggregation.
Moreover, we demonstrate in the ESL that the volume fractions
computed from the number and volume average aggregate radius
provide, respectively, a lower and an upper boundary for the real

This journal is © The Royal Society of Chemistry 2015
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occupied volume fraction. Since the master curve obtained
when considering the number average hydrodynamic radius
(which underestimates the real occupied volume fraction) lies
below the curve obtained with monomeric protein solutions,
explanation (ii) can be ruled out.

Therefore, we conclude from this analysis that aggregate
polydispersity plays a prominent role in decreasing the solution
viscosity at constant volume fraction.

Conclusion

In this work, the effect of irreversible aggregate formation on
the change in viscosity of a concentrated monoclonal antibody
solution was investigated. We showed that the increase in viscosity
during aggregation can be rationalized by using the key concept of
occupied volume fraction, which depends on aggregate concen-
tration, size and morphology. For this purpose, we monitored the
increase in solution viscosity by following the reduction in the
diffusion coefficient of tracer nanoparticles with DLS in situ, while
aggregate size and morphology were determined by combining
static and dynamic light scattering experiments. Moreover, it was
shown that aggregates are fractal objects, which are characterized
by a fractal dimension increasing with protein concentration.
Finally, we showed that the increase in solution viscosity with
time monitored at three different protein concentrations collapse
on one single master curve when the reaction profiles are normal-
ized based on the effective volume fraction. Crucially, it was found
that the viscosity of an aggregated protein solution is lower than
the viscosity of a monomeric protein solution of similar occupied
volume fraction due to the polydispersity of the aggregate distri-
bution. These findings are valuable in better understanding the
behavior of concentrated protein solutions.
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