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Keywords: A rapid method for determination of the colloidal stability of protein molecules in solution is reported as an
Protein colloidal stability efficient tool for evaluating the stability of antibody formulations. Using human polyclonal immunoglobulin G

Protein aggregation
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(IgG) as a model protein and dynamic light scattering (DLS) as a technique to determine the size of particles in
solution, the rate of aggregation is investigated at different temperatures and antibody concentrations. To reduce
the observation period while increasing precision, a new approach to DLS analysis is developed that comprises:
(i) a distribution analysis of high-resolution data, and fitting for multiple particle sizes present in a solution, (ii) a
temperature ramp to an intermediate temperature followed by a stress test at constant temperature over several
hours, and (iii) 3-D plotting to reveal the time-dependent evolution of the particle size distribution at the selected
temperature. The resulting 3-D plots enable robust identification of the onset of aggregation with different
dispersion conditions. This method enables rapid evaluation of the effects of parameters such as temperature and
concentration on the stability of antibody solutions.
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Fig. 1. Schematic of the two major pathways leading to irreversible IgG aggregation. In the first pathway, the native folded monomers (models from the protein data
bank) [17] first become partially unfolded. These partially unfolded monomers reversibly cluster together and subsequently aggregate irreversibly. In the second
pathway for IgG aggregation, active monomers reversibly form a cluster together. This is followed by irreversible agglomeration.

1. Introduction

The past two decades have seen the rapid expansion of monoclonal
antibody-based therapies in the treatment of cancer, autoimmune and
degenerative diseases [1-3]. While well-known for their biochemical
stability, antibodies are, similarly to all proteins, prone to denaturation
and aggregation [2,4,5]. Their aggregates in particular pose a serious
safety threat to patients, due to their documented immunogenicity
[6-8]. Accordingly, improvements in formulations, storage conditions
and the product purity that prolong the long-term colloidal stability of
therapeutic antibody solutions are urgently needed in order to prevent
health risks and minimize economic losses that pharmaceutical com-
panies and healthcare systems incur.

The majority of therapeutic antibodies currently on the market
belong to the Immunoglobulin G (IgG) family, and in particular to IgG;
and IgG4 subclasses, [9] while a smaller portion belong to IgA and IgM
families [10]. IgGs consist of four polypeptide chains - specifically, two
heavy chains and two light chains — joined by disulfide bonds and ar-
ranged into a Y-shaped structure comprising a constant Fc (fragment
crystallizable) region and two variable Fab (fragment antigen binding)
segments [11,12]. Prior research has identified two likely pathways to
the irreversible formation of aggregates from systems of IgG monomers.
These pathways are illustrated in Fig. 1. The first pathway includes three
main steps, the first of which is the reversible partial unfolding of a
monomer. Notably, Fig. 1 illustrates the unfolding of the Fc region,
which is more prone to initiate the aggregation process [13]. The second
step is reversible clustering of the partially unfolded monomers. The
third, and final, step along this pathway is the irreversible agglomera-
tion of the clustered and partially unfolded monomers. The second
pathway to the formation of soluble aggregates from protein monomers
includes only two steps: the reversible clustering of folded monomers
followed by irreversible agglomeration [14-16].

Many studies have been focused on predicting the factors impacting
the long-term stability of IgG monomers with short term tests and sim-
ulations [9,18-25]. Experimental methods to detect and quantify pro-
tein aggregation include mass spectrometry, size exclusion

chromatography (SEC), field-flow fractionation (FFF), and analytical
ultracentrifugation (AUC). These methods are useful in that they can
determine the mass fraction of unaggregated protein, output size dis-
tributions, and account for insoluble aggregates [26-28]. However,
these techniques physically stress the sample, so they have the potential
to either disrupt existing aggregates or form new aggregates during the
analysis of the samples [24]. In addition, they are not sufficiently sen-
sitive to detect the onset of aggregation at very low concentrations.
Conversely, light scattering techniques do not account for insoluble
protein or provide mass fraction data, but they also do not physically
stress the samples or cause aggregation during data collection [24,
29-32]. Light scattering methods are exquisitely sensitive to extremely
low amounts of moderate-size particles (due to the variation of light
scattering with the 6th power of the particle size). Thus, they can detect
aggregation levels far below the detection limit of the techniques
mentioned above.

One light scattering technique used for determining stability of col-
loids is electrophoretic light scattering (ELS), which outputs electro-
phoretic mobility and {-potential values related to surface charge.
However, the ionic strengths of physiological buffers for IgG pharma-
ceutical formulations are usually too high for reliable {-potential mea-
surements. Adopting a conventional buffer would make it more
challenging to identify reliable correlations for the long-term stability of
proteins in their native buffered solutions [33]. Additionally, IgG solu-
tions in pharmaceutical applications are frequently buffered to a pH
where the proteins may be relatively weakly charged, making it difficult
to accurately obtain their {-potential [34,35].

Another common method used to analyze colloidal dispersions is
dynamic light scattering (DLS). DLS is typically used to determine the
average size of approximately spherical particles in stable, dilute dis-
persions, and its basic output is the average hydrodynamic diameter
[36-39]. For IgG, the hydrodynamic diameter is close to the largest
dimension of the protein, about 11 nm for a monomer [40]. A larger
average size reported by DLS indicates the presence of aggregates, with
extreme sensitivity, as mentioned above, as even a single aggregate
within the miniscule volume of the laser focus can strongly affect the
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Fig. 2. 3-D plots of 2.5 mg mL ™! IgG in 0.15 M PBS demonstrating aggregation via size distributions over time for a period of temperature ramping, up to 55 °C,
followed by consecutive measurements at 55 °C. The results are plotted (a) with intensity on the z-axis from the side and (b) as color coded map from above. Intensity
distributions in (a) and (b) are expressed in terms of normalized intensity values. This makes comparison across samples difficult. These results are re-plotted in (c)
and (d) with derived count rate (DCR) divided by IgG concentration. By switching from intensity to DCR/concentration, plots of different sample concentrations can

be easily compared.

reported size [41-43]. DLS has also been applied to the detailed inves-
tigation of aggregate size of polymers [44,45]. In the case of IgG,
however, precise quantification of aggregate size is much more chal-
lenging. Nevertheless, it is generally accepted that DLS is a useful indi-
cator of IgG aggregation [46] and we aim to further extend its efficiency
and capabilities here.

One approach for rapid testing of the stability of different protein
dispersions was developed using Malvern DLS instrumentation. The
system utilized in the technique combines DLS and Raman Spectroscopy
with a programmable temperature ramping platform, allowing the
sample to thermally equilibrate before acquiring data at a given tem-
perature and proceeding with the temperature ramp [47,48]. At each
temperature, the average particle size is calculated, and the protein
conformation is determined. This analysis can be completed in a few
hours and, on the DLS side, highlights differences in stability for protein
dispersions that have different aggregation points. The aggregation
point coincides with the temperature at which the average protein
cluster size begins to increase rapidly [49]. While dispersions with
different buffer additives may have different aggregation points visible
with the described technique, small changes in concentration and stor-
age temperature cannot be analyzed.

In this study, we report the development of a rapid and facile DLS-
based colloidal stability assay featuring a novel approach to process
and present the data more accurately, and predict the long-term stability
of protein solutions. We demonstrate how this stability assay can be used
to evaluate the aggregation rate of solutions of human polyclonal IgG
antibodies in physiological buffer as a function of the IgG concentration
and temperature. In addition, the impact on stability of preexisting ag-
gregates in the dispersion of IgG protein was investigated.

2. Results and discussion

The DLS-based technique for determining long term protein colloidal
stability is based on a modified Malvern instrumentation routine. The
key result obtained from the original implementation of the method is
the temperature at the point of aggregation [49]. However, the method’s
algorithm continues to ramp the sample temperature beyond that point,
collecting rapidly increasing average aggregation data illustrated in
Fig. S1. This poses two main issues: first, the aggregation rate rapidly
accelerates as the temperature increases, which complicates accurate
determination of the aggregation onset. Second, the simple cumulant fit
utilized by the software cannot capture the main characteristics of
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Fig. 3. 3-D plots of DCR/concentration (as defined in the text) showing the rate of IgG aggregation in 0.15 PBS, visualized by the rate at which the aggregate size
distribution peak (to the right of each graph) evolves, with respect to the original IgG monomer concentration (left peak). Data plotted for concentrations of (a)
1.25 mg mL~}, (b) 2.5 mgmL ™}, (¢) 5mgmL~?, (d) 7.5 mg mL™}, and (e) 10 mg mL™'. Each plot contains a ramping section from 25 °C to 55 °C, followed by
consecutive measurements at 55 °C. As expected, the aggregation is more pronounced at higher protein concentrations.

particle size distributions as aggregation proceeds. The cumulant fit
outputs a single size average and polydispersity [50,51]. In reality, the
size of the protein is not growing exponentially, but aggregates are
contributing to a multimodal size distribution that the cumulant fit
cannot approximate adequately.

In our approach, a multicomponent distribution fit is employed in
lieu of the cumulant fit [52,53]. This option is offered by most modern
DLS instruments, including the Malvern Instruments Zetasizer used in
this study. While the multicomponent distribution fit is more flexible
than the cumulant fit, its limitations must also be considered. The main
concern is that it may not capture every particle size present in the
system. All DLS approaches rely on measuring and fitting the expo-
nential correlation decay of the sample light scattering. Most fitting al-
gorithms minimize the number of parameters used to fit the decay, and
therefore they may not report accurately all different particle sizes
present in solution. The absence of a particle size in the fitted distribu-
tion does not imply that particles of that size are not present in the real
sample, only that the measured decay can be fit without them. Despite
this limitation, the multicomponent distribution fit identifies and dis-
plays the presence of aggregate particles far more effectively than the
cumulant fit, as demonstrated by our results. Our method for probing the
stability of proteins combines this highly sensitive data fitting routine
with more meticulous identification and analysis of the aggregation
point.

2.1. Generating 3-D plots to analyze protein aggregation

Our method ramps the sample temperature up to the aggregation
point, then sustains the sample at that temperature while collecting DLS
data approximately every 3 mins for 300 measurements. The higher
temperature, determined by preliminary sample measurements that
implemented temperature ramps, accelerates the aggregation rate of the
antibodies in sample, enabling rapid evaluation of the protein stability
in the selected medium. Elevating the sample temperature has been used
in literature to predict the stability of protein dispersions, but those
methods did not make use of continuous measurements for accuracy and
detail in short time periods [25,54-59]. The time required for each size
measurement is dispersion-dependent, since the Malvern software
automatically increases the measurement time for larger and more
polydisperse samples. For a stable sample of smaller size populations,
such as proteins, the average instrument measurement time is 3 mins.
Thus, we elected to perform 300 measurements at the final ramping
temperature, for a full experiment time of ~15 h, resulting in a large
amount of data over reasonably long experimental duration.

When all size distributions from temperature ramping and consecu-
tive measurements at the final elevated temperature are collectively
plotted, 3-D plots with surface contour mapping are generated as illus-
trated by the data plotted in Fig. 2. The default size distribution for the
Zetasizer software is based on intensity % values, as in Fig. 2a and b. Of
the three distributions generated by the software — namely, intensity,
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volume, and number - intensity is closest to the raw data as it refers to
the photons scattered by particles of different sizes. In addition, all ag-
gregates appear on the distribution, enabling the monitoring of the ag-
gregation process from its very onset. Using intensity-based plots
provides insight on the rate of aggregation before the aggregates can be
registered by other methods such as size exclusion chromatography
(SEQ).

The main challenge in comparing consecutive intensity-based size
distributions, generated by the Zetasizer software, is that they do not
take into account that the total scattered light intensity changes
dramatically during the experiment, due to the increasing number of
aggregate particles. Accordingly, the monomer peak (on the left) of
Fig. 2a and its projection in Fig. 2b decrease rapidly, even though the
absolute population of monomers is hardly changing. To analyze mul-
tiple related measurements, as the 3-D plots, a plot taking absolute in-
tensity changes into account was constructed using the Derived Count
Rate (DCR) associated with each measurement. [52] DCR values are
calculated from the count rate (measured light intensity) during a
measurement and the attenuator setting, as shown in Eq. (1). The
attenuator blocks a portion of the sample’s scattered light so that the
photon detector conducts the counting in its ideal range. Therefore, DCR
represents the count rate if there was no attenuator in use and has units
of kilo-counts per second (kcps).

DCR ~ Count Rate e Attenuator Factor (€8]

Eq. (1) gives the total DCR for a given measurement, which can be
generalized to DCR as a function of apparent particle size, which we
denote DCR(size) by taking the product of DCR with the Intensity % size
distribution returned by the instrument, as in Eq. (2):

DCR(size) = DCR e Intensity % (size) (2)

We note that “Intensity % (size)” is proportional to the relaxation
time distribution spectrum obtained from the intensity auto-correlation
function, where the relaxation times are assumed dependent on the
hydrodynamic radius. Since the instrument does not provide direct
measurement of the absolute light intensity associated with a given
particle size, we calculated it using Eq. (2).

As a further normalization, by dividing the DCR by the IgG con-
centration in the sample, aggregation rates of different concentrations
can also be compared due to similar scattering intensities at the start of
measurements. This fully developed 3-D plot, the data presentation
format for the remainder of this paper, using DCR/Concentration for the
z-axis units is shown in Fig. 2¢, and projected in color code in Fig. 2d.
The two plots show that the light scattering due to the monomer pop-
ulation hardly evolves over the course of the experiment, while the
scattering due to the aggregate peak increases; furthermore, a small
population of aggregates results in a strong light scattering signal due to
the particle size-dependence of the scattered light intensity.

In reviewing plots such as those shown in Fig. 2, it is tempting to
conclude that the particle size distribution is strictly bimodal, and ag-
gregates form with a narrow size distribution (about 80 nm). That
interpretation is not justified, as discussed earlier. The presence of a
single aggregate peak merely indicates that a good fit to the time-
dependent correlogram can be obtained by assuming a narrow aggre-
gate size distribution. Aggregates of intermediate size may also be pre-
sent, but their effect on the relaxation time spectrum is not resolvable. In
subsequent discussions, we will assume that the intensity of the aggre-
gate peak is proportional to the aggregate concentration and that its rate
of change can be used as a measure of the rate of the aggregation re-
action. We find that this assumption gives reasonable results as in our
experiments, where the amount of aggregates remains small and the
aggregate size distribution does not appear to undergo any dramatic
changes.
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Fig. 4. Plots for analysis of aggregation rate at different IgG concentrations,
showing (a) the raw data of derived count rate under the aggregate peak over
time for each concentration. (b) The slopes from the raw data are plotted versus
concentration squared after fitting the linear region for each curve, from
300 mins to 900 mins. The linear least-squares fit line indicates that the ag-
gregation of protein is a second order process (R 2 = 0.97).

2.2. Correlating aggregation rate and sample concentration

By plotting the time-dependent DLS data (i.e. DCR/concentration vs
particle size over time) for different IgG concentrations in solution, the
method allows to clearly present and compare the difference in aggre-
gation rate, and therefore dispersion stability, as shown in Fig. 3. At each
concentration tested, ranging from 1.25 mg mL™! to 10 mg mL~!
(Fig. 3a—e), the position of the first peak, i.e.,, the monomer peak, re-
mains constant throughout the measurements. Meanwhile, the second
peak, which is indicative of aggregates, becomes more pronounced in
each plot with increasing concentration.

In keeping with the goal of predicting the long-term stability of a
protein in solution, the visual information provided by 3-D plots as a
final output overcomplicates the analysis in some cases. In order to
extract predictive descriptors from the 3-D plots, the area under the
curve for the second peak in the DCR plot (without concentration
normalization) was extracted for each measurement and plotted vs.
measurement time as shown in Fig. 4a. Since this peak is produced by
the aggregates formed at different IgG titers in solution, the rate at
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Fig. 5. 3-D plots showing how the aggregation rate of 10 mg mL™" IgG in 0.15 M PBS increases as the final ramping temperature and consecutive measurements’

temperature is set to (a) 45 °C, (b) 47 °C, (c) 50 °C, and (d) 55 °C.

which the area under the aggregate curve increases can be correlated to
the aggregation rate at the elevated temperature, as shown in Eq. (3).

Total DCR of 2nd peak Extent

Time Time

of aggregation

3)

This aggregation rate at higher temperature can ultimately be
correlated to the aggregation rate at room temperature according to
prior research [25].

All IgG samples begin to register aggregation after the temperature
ramp reaches 55 °C at approximately 140 mins, corresponding to the
peak onset seen in Fig. 4a (a slight initial increase peak area during the
ramp is visible at 10 mg mL™!). The subsequent increase in observed
peak area at a steady temperature of 55 °C can be described by two
regimes. First, we see a period of accelerated aggregation where the
intensity increases rapidly within an intermittent period of ~ 160 mins.
At times larger than 300 mins, all intensity profiles follow an approxi-
mately linear increase over time, suggesting a steady-state aggregation
process. Thus, we performed an analysis of the linear regimes of the data
from 300 to 900 mins for each curve (Table S1). The slope of the fitted
line in this interval is proportional to the aggregation rate (Eq. (3)) and

allows to evaluate the kinetics of the process.

The process of self-aggregation of a single species is commonly
described by a second-order kinetics model, r = k[A]?, where r is the
reaction rate and [A] is the concentration of the reacting species. The
classic approach to demonstrating second order kinetics is a plot of the
reciprocal of the reactant concentration vs. time. That approach is not
satisfactory here, because the change in concentration of the IgG
monomer is barely detectable. However, the rate of formation of ag-
gregates is easily quantified by our method, and reaction order can be
assessed by the method illustrated in Fig. 4b. This plot shows a relatively
good correspondence to the second order kinetics model (R 2 _ 0.97),
while other ways of plotting these data such asr = k[A], had much worse
fit (R2 = 0.87). Overall, Figs. 3 and 4, and especially Fig. 4b, provide
evidence that the antibody aggregation rate in the longer term has a
second order dependence on IgG concentration, as commonly expected
based on established literature [60-62].

2.3. Correlating aggregation rate and temperature

Another effect that is likely correlated to the long-term stability of
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Fig. 6. 3-D plots showing increasing intensity of aggregate peaks with increases in final temperature for 10 mg mL ! IgG in 0.15 M PBS. The samples were ramped
up to (a) 46 °C, (b) 46.5 °C, (c) 47 °C, and (d) 47.5 °C. The data show that even an increase of half a degree in the final ramping temperature results in a visibly more

intense plots and therefore faster aggregation.

protein samples is the impact of temperature on the aggregation rate.
Previous research by other techniques has concluded that protein ag-
gregation rate at an elevated temperature can be correlated with the rate
of aggregation at room temperature [25]. Our method includes a tem-
perature ramping section, which can be stopped at varying temperatures
enabling the observation of the onset and evolution of antibody aggre-
gation in real time using subsequent consecutive light scattering mea-
surements. Fig. 5 illustrates how the rate of aggregation of samples of
10 mg mL ™! IgG markedly changes as the final temperature is varied
between 45 °C and 55 °C with intervals of 2-5 °C.

The intensity of the aggregate peak increased significantly within the
interval of temperatures plotted in Fig. 5. Therefore, we investigated
how even smaller changes in the ramping temperature can result in 3-D
plots revealing different rates of aggregation, as shown in Fig. 6, which
reports the experiments with final temperatures from 46 °C to 47.5 °C,
increasing in intervals of 0.5 °C. While these changes in final tempera-
ture are small, the change in aggregation rate is apparent, demonstrating

the sensitivity of the method and the existence of a point of thermal
threshold of rapid aggregation.

As before, the data shown in the 3-D plots of Figs. 5 and 6 can be
studied and interpreted conveniently by focusing on the area under the
second size distribution peak. These data are plotted in Fig. 7. The two
regimes, rapid initial growth, and steady linear increase, observed at
55 °C (see discussion of Fig. 4) are still visible at 50 °C, but are not
present at lower temperatures. This suggests that we are observing one
process that is activated at ~ 45 °C, followed up with another one
beginning around 50 °C. For the concentration-dependent data dis-
cussed earlier, which were collected at 55 °C, the first process accounts
for the initial rapid increase in peak area while the second was shown to
have second order kinetics. Re-examining Fig. 7 in detail shows that
there is a change in the rate-determining process at ~ 50 °C, where we
observe a rapid increase in aggregate concentration followed by almost
no growth, and then the emergence of a new rate-determining step by
55 °C.
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Although the elucidation of the detailed mechanism of protein ag-
gregation is beyond the goals and means of this study, we can hypoth-
esize to what extent our data are consistent with the generally accepted
mechanisms illustrated in Fig. 1. We performed a basic analysis of the
activation energy of the aggregation processes, based on the classical
Arrhenius equation. These results, described in Fig. S2 and Fig. S3 in the
Supplemental Information, suggest that below 50 °C the rate deter-
mining step has a high activation energy (~ 290 kcal mol ! — see the
Supplementary Information for a discussion of the evaluation and un-
certainty in this value), which decreases significantly at higher tem-
peratures (~ 60 kcal mol ™). Based on these estimates, as well as the
information in Figs. 4 and 7, we propose at T > 50 °C a mechanism
involving two processes, one of which shows an activation energy in the
range corresponding to unfolding, and the other following second order
kinetics and therefore postulated to be aggregation. A change from first
order to second order kinetics can explain the emergence of a lower
activation energy at higher temperature, which is difficult to account for
otherwise. While we attribute the process responsible of the initial rapid
rise in signal to unfolding (first order kinetics process), this does not
necessarily mean that unfolding occurs first at the molecular level, but
rather that unfolding is the rate determining step at early times, while
later on aggregation becomes rate determining. This might occur if (for
example) there is a transient population of “reversible” aggregates
present at ambient temperature, that unfold rapidly once the tempera-
ture becomes high enough, consistent with the pathways outlined in
Fig. 1.

2.4. Impact of preexisting aggregates on aggregation rate

A common theory in the literature on protein aggregation is that the
first aggregates formed in the protein solution act as seeds or catalysts,
promoting further aggregation. This suggests that, barring the differ-
ences observed among the aggregation rates in the solutions at different
protein concentrations, solutions with equal concentration may experi-
ence different rates of aggregation should they contain different frac-
tions of aggregate seeds, while maintaining all other parameters
constant. To evaluate this, selected IgG solutions were processed
through a filter with 20 nm pores (in lieu of the 200 nm pores used
before) prior to DLS investigation in the Zetasizer. The results are shown
in Fig. 8.
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Upon subjecting the samples to filtration using a much lower cutoff
filter, substantially lower aggregation was observed, partially due to a
delayed onset of aggregation. As described in the previous section, the
final temperature set (55°C) accelerates aggregation and delivers
detailed data very rapidly. However, the onset of aggregation was
observed much later in the 20 nm-filtered samples where the initial
aggregates were removed.

As the plots in Fig. 8 show a lower aggregation rate for samples
without initial “seed” aggregates, we inquired whether using 20 nm
pore filters reduced the IgG concentration in solution compared to the
samples treated with 200 nm pore filters. Different protein concentra-
tions result in a definite change in the aggregation rate. Table S2 reports
the values of concentration measured in the IgG solutions before and
after filtration through either 200 nm or 20 nm pores. As anticipated,
the loss in IgG titer upon filtration is negligible, since the number of
native aggregates is small. These data conclusively confirm that the
presence of seed aggregates is a key factor accelerating protein aggre-
gation in solution during storage.

Our observations in this section are generally consistent with the
mechanism discussed in the previous section, where a rapid unfolding
process, governed by initial aggregate levels, is rate-determining at early
times, but eventually gives way to a rate-determining aggregation pro-
cess as initial aggregate levels are depleted.

3. Concluding remarks and outlook

We present a method enabling the rapid and highly sensitive analysis
of the stability of protein solutions based on dynamic light scattering
data. The method employs a programmed temperature ramp to bring the
protein sample to a temperature at which aggregation can be followed in
real time. Once this threshold point is reached, the sample is maintained
at that temperature while consecutive size measurements are collected.
The method was augmented by designing new protocols of data
collection and analysis. Instead of calculating and reporting solely the
average size, the entire size distributions were processed, and plotted
over time in a 3-D plot. The size distributions can be either plotted as
intensity percent or, to make plots better reflect changes in the con-
centration of monomers and aggregates, they were changed to derived
count rate. The 3-D plotting of the time-dependent size distribution al-
lows clear visualization of the moment of IgG aggregation and the ki-
netics of the process, as the aggregate peak grows over time. The 3-D
color mapping also provides a means to accurately identify the moment
of aggregation and comparing the stability of IgG samples of varying
concentrations or under different solution conditions.

The proposed method is quite convenient and informative for un-
derstanding aggregation of antibodies and other protein formulations in
solution. For example, we were able to demonstrate the effect of trace
levels of aggregates on the subsequent aggregation rate. Although this
result was expected, we did not find any other study in which it was
clearly observed. Similarly, we expect that various improvements, for
example, improved formulations in solution, can be rapidly evaluated by
our method prior to being rigorously tested by more exhaustive ap-
proaches. While we have developed our method using polyclonal anti-
bodies, there is no reason (other than the cost of the materials being
tested) why it cannot be applied to monoclonal antibodies and realistic
therapeutic formulations. Furthermore, accelerated testing of IgG sta-
bility against aggregation can support the biomanufacturing processes
of IgG at different stages, such as evaluating the clarified cell culture
harvests, the effluent of low-pH viral inactivation phase, and the
concentrated and conditioned products of ultrafiltration. In light of the
unique importance of antibodies in modern medicine and biotech-
nology, we focused exclusively on IgG in this study. One can reasonably
expect that the same methodology is widely applicable to other protein
solutions with minor adjustments, although it was not practical to test
that in this study nor was it obvious which other proteins should be
adopted.
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Fig. 8. 3-D plots showing the difference in the rate of aggregation of IgG solutions of different concentration before and after filtration with a fine 20 nm pore cut-off
filter. Each plot of IgG solution in 0.15 M PBS contains a ramping section from 25 °C to 55 °C followed by consecutive measurements at 55 °C. The data for samples
that were filtered with 20 nm pores are shown in plots (a) 1.25 mg mL™?, (¢) 2.5 mg mL™}, and (e) 5 mg mL™'. They are compared with the (previously shown) data
for samples at the same concentration filtered with 200 nm pores in (b), (d) and (f). The results demonstrate that the finely filtered samples begin to aggregate much

later and at a slower rate.

Further improvements to the method reported here can be achieved
by optimizing instrument capabilities or operating parameters. The use
of a multi-angle light scattering method might allow more detailed
interpretation of the measured particle size distribution. In applications
where the accuracy of measuring the parameters for the monomer peak
is not important, forward-angle scattered light can provide increased
sensitivity to the detection of small aggregates. Finally, similar methods
can be applied for identification of the factors leading to aggregation in
biomanufacturing and initial optimization of additives and other ap-
proaches to their inhibition. We expect that additional applications will
naturally arise if this approach is used more widely, due to its combi-
nation of convenience with extreme sensitivity to the onset of
aggregation.

4. Experimental section

Materials: Lyophilized polyclonal Immunoglobulin G (IgG) from
normal human plasma (Lot# 2017-01) was purchased from Athens
Research and Technology. Deionized water, used for the reconstitution
of protein, was obtained from a Millipore RiOS system equipped with a
Synergy UV module. Phosphate buffered saline (PBS) tablets, used to
make 0.15 M PBS, were purchased from Sigma-Aldrich Inc. Two types of
syringe filters, Millex-GV Filters with a diameter of 13 mm and pores
that are 0.22 pm and Whatman Anotop 10 filters with a diameter of
10 mm and pores that are 0.02 um, were purchased from Millipore-
Sigma. 2 mL clear glass threaded vials with closures and 1 mL BD ster-
ile syringes with slip tips were purchased from Fisher Scientific.
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Preparation of IgG samples: 1gG is first reconstituted to its original
concentration. The dry product received from Athens Research and
Technology had an original volume of 25.1 mL and original concen-
tration of 41.8 mg-mL™! IgG. After lyophilization, the mass of the
product was 1352 mg according to the company. The original mass and
volume were used to calculate the desired mass and volume of DI water
required for a set of experiments as the entire bottle was not recon-
stituted at once. After reconstitution to 41.6 mg mL™, the dispersion
was diluted down to the desired working concentrations (1.25 mg mL ™},
2.5mg mL%, 5 mg mL™}, 7.5 mg mL~}, and 10 mg mL™Y) using 0.15 M
PBS. The final samples were filtered into 2 mL glass vials for storage and
measurement.

Analysis with Dynamic Light Scattering: Size distributions, indicative of
monomers and aggregates present in dispersion, were measured through
dynamic light scattering using a Zetasizer Nano ZSP (Malvern In-
struments Ltd.). The machine was fitted with a 633 nm He-Ne laser and
measurements were performed in the 173-degree backscattering mode.
Measurements were done in 2 mL glass vials. The Zetasizer software
output results from a cumulative fit and a distribution fit. The cumula-
tive fit of raw data gave an average diameter and polydispersity index
(PDI), and the dispersion fit gave a size distribution based on intensity,
volume, or number of particles.
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