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Abstract

The purpose of this study was to investigate the formation and growth kinetics of complexes
between proteins and oppositely charged polyelectrolytes. Equal volumes of IgG and
dextran sulfate (DS) solutions, 0.01 mg/ml each in 10 mM phosphate, pH 6.2, were mixed.
At different time points, samples were taken and analyzed by nanoparticle tracking analysis
(NTA), Micro-Flow Imaging (MFI) and size-exclusion chromatography (SEC). SEC showed
a huge drop in monomer content (approximately 85%) already 2 minutes after mixing,
while a very high nanoparticle (size up to 500 nm) concentration (ca. 9x108/mL) was
detected by NTA. The nanoparticle concentration gradually decreased over time, while
the average particle size increased. After a lag time of about 1.5 h, a steady increase in
microparticles was measured by MFI. The microparticle concentration kept increasing up
to about 1.5x108/mL until it started to slightly decrease after 10 h. The average size of the
microparticles remained in the low-pm range (1-2 um) with a slight increase and broadening
of the size distribution in time. The experimental data could be fitted with Smoluchowski’s
perikinetic coagulation model, which was validated by studying particle growth kinetics in
IgG:DS mixtures of different concentrations. In conclusion, the combination of NTA and MFI
provided novel insight into the kinetics and mechanism of protein-polyelectrolyte complex
formation.



Introduction

The interaction between proteins and polyelectrolytes has been receiving increasing
attention in pharmaceutical sciences because of the growing importance of protein drugs’.
The latter is mainly related to their specificity and the lack of toxic metabolites, resulting
in considerably less interference with untargeted biological processes and, hence, less
adverse effects and increased clinical efficiency?. Successfully developing protein drugs,
however, requires the availability of highly pure protein batches as well as suitable
formulations that guarantee the physical and chemical stability of the protein®® until its
delivery at the target site.

Polyelectrolytes are a major group of the macromolecules that have shown to offer
advantages in purification®’, stabilization® and delivery of therapeutic proteins®™.
Polyelectrolytes are suitable as component of protein delivery systems because they can
be selected with specific hydrophilicity, versatile charge properties, biodegradability, natural
origin, and roles in preventing aggregation and denaturation of proteins''4. Moreover,
polyelectrolytes have been used to increase the amount of protein loaded onto the surface
of solid microneedles and microparticles via layer-by-layer deposition of oppositely charged
proteins and polyelectrolytes''®. Furthermore, polyelectrolyte-mediated precipitation
methods have been used in protein purification processes' to decrease the number of
isolation steps at a low cost. This approach is considered to be more selective than the use
of other precipitants, such as ammonium sulfate or organic solvents'. In addition, another
advantage of polyelectrolyte-assisted precipitation along with protein co-precipitation
techniques™ is that these methods do not require organic solvents that could be harmful
to the protein as well as the environment. The molecular interaction involves electrostatic
interactions between charged surfaces of the protein and oppositely charged groups of
the polyelectrolyte?®. The onset of complexation depends on several parameters, such as
pH, ionic strength, protein/polyelectrolyte ratio and physico-chemical characteristics of the
protein and the polyelectrolyte (e.g., charge, size)?'?2. These interactions create insoluble
complexes, which then aggregate further to form larger particles that will eventually
precipitate from the solution?. The process of particle growth depends not only on the
nature of the particles, but also on external factors, such as temperature, stirring and
sedimentation?*.

A great challenge in the direct assessment of protein-polyelectrolyte interactions has been
the lack of techniques that are able to simultaneously detect, characterize and quantify
(sub)visible particles that form upon complexation of protein and polyelectrolyte. Emerging
particle analysis techniques?>2?¢, however, may provide reliable ways to monitor protein-
polyelectrolyte complex formation and growth. In the nanometer range, nanoparticle tracking
analysis (NTA) is a valuable technique that counts and sizes particles in a suspension. In



the flow-cell of NTA, the particles scatter a beam of laser light, which is detected through
a microscope and recorded into a video exhibiting the movement of particles in the
suspension. The displacement of individual particles, or the Brownian motion, in a plane
is tracked in time to deduce the individual particle size?’*°. In the micrometer size range,
flow imaging microscopy techniques, such as, Micro-Flow Imaging (MFI), are currently
gaining ground as established methods for micron-size particle sizing and counting3'-34.
The principle of detection is based on the change in the light intensity passing through a
particle compared to the background. Based on the captured images the particle size and
count are derived. The same images can be used to assess several morphological aspects
of individual particles, like aspect ratio and transparency. The aim of this study was to
develop a method based on the combination of NTA and MFI to monitor and characterize
the process of particle formation and growth during protein-polyelectrolyte complexation,
assisted by size-exclusion chromatography (SEC) to quantify the amount of unbound protein
monomer. A monoclonal antibody was used as a model protein and dextran sulfate as a
model polyelectrolyte. The experimental data for a few different experimental conditions
were fitted with Smoluchowski’s perikinetic coagulation model3®,

Materials and Methods

Materials

Dextran sulfate (from Leuconostoc spp., Mw = 5000), sodium phosphate dibasic dihydrate,
sodium phosphate monobasic dihydrate, sodium azide and sodium sulfate (pKa < 2) were
obtained from Sigma (Sigma-Aldrich, Steinheim, Germany). Ultrapure water (18.2 MQ.cm)
was dispensed by using a Purelab Ultra water purification system (ELGA LabWater,
Marlow, UK). A monoclonal human IgG1 subclass (IgG; pl = 8.4), formulated at 65 mg/ml
in 10 mM sodium citrate buffer containing 5% sucrose at pH 6.0, described before2%:3738,
was used as a model protein. Stock solutions of 0.01 mg/ml of IgG in aqueous solution of
10 mM phosphate buffer, pH 6.2 (filtered by using a 0.22-um polyethersulfone-based
syringe driven filter unit (Millex GP, Millipore, Ireland)), was prepared. The same buffer
was used to prepare stock solutions of 0.01 mg/ml dextran sulfate. In preliminary studies
we found that a low buffer concentration and a pH value lower than 7 are beneficial for the
formation of IgG-dextran sulfate complexes. Addition of the protein or polyelectrolyte had
no effect on the pH of 6.2.

Mixing, incubation and sampling procedure

A volume of 13 mL of the IgG stock solution was poured into a graduated glass cylinder
(Duran®, Hirschmann, Eberstadt, Germany), with an inner diameter of 1.4 cm and a height
of 14.9 cm. 13 mL of the dextran sulfate stock solution was added to the IgG solution.



Subsequently, the IgG/dextran sulfate mixture was homogenized by gentle pipetting up and
down 15 times, and then incubated for a period of 14 hours. In order to avoid unwanted
movements and temperature fluctuations (as these might affect the kinetics of the particle
growth), the glass container was kept on a sturdy bench where the analytical instruments
were located. The first sample was taken immediately after mixing. The sampling was
continued for 840 min after preparation according to the scheme shown in Figure 1.
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Figure 1: Schematic overview of the sampling time points for each type of measurement
performed in this study. The length of each rod indicates the approximate analysis time per

sample, including sample pretreatment and handling.

Samples were directly used for the different analyses, unless otherwise stated. The
experiment was performed twice. During the experiment the room temperature in the lab
was monitored (23 + 0.8 °C). In order to prepare samples for quantification of the free
protein monomer content, 1 mL of the sample was centrifuged in a 1.5 mL Eppendorf tube
at 18,000 xg for 15 minutes. A hundred pL from the top part of the liquid was taken and
immediately used for measurement of the monomer content by using SEC. The supernatant
was analyzed by NTA to confirm that it was free of particles (results not shown).

In order to check the applicability of the method to other formulations and to validate whether
Smoluchowski’s perikinetic coagulation model (see below) describes the particle formation
process, additional mixing experiments were performed with two different concentrations
of IgG and dextran sulfate in the starting materials, namely 0.005 and 0.02 mg/mL (instead
of 0.01 mg/mL). The experimental procedure was kept the same, except that the particle
formation process was monitored for only 270 min.

Size-exclusion chromatography

High pressure size-exclusion chromatography (SEC) was performed to quantify the amount
of free IgG monomer in the solution in absence and presence of dextran sulfate. This was
executed on an Agilent 1200 chromatography system (Agilent Technologies, Palo Alto,
California) combined with a Wyatt Eclipse (Wyatt Technology Europe GmbH, Dernbach,
Germany). A Yarra 3 ym SEC-2000 column (300 % 7.8 mm) coupled with a Yarra Security
Guard precolumn (Phenomenex, Torrance, CA, USA) was used. Centrifuged



(18,000 x g for 15 minutes) samples (100 uL) were injected and separation was performed
at a flow rate of 0.5 mL/min. The mobile phase consisted of 100 mM sodium phosphate,
100 mM sodium sulfate, and 0.05 % w/v sodium azide at pH 7.2. Ultraviolet absorption
detection was performed at 280 nm. In order to calculate the monomer decrease after
complexation, the areas under the curve (AUC) of the UV signal were used.

Nanopatrticle tracking analysis

NTA was performed at room temperature (23 + 0.5°C) with a NanoSight LM20 (NanoSight
Ltd., Amesbury, United Kingdom) equipped with a 640 nm laser and operating at an angle
of 173° with respect to the flow cell (100 x 80 x 10 ym). Samples were taken from the
mixture vessel by using a sterile 1 mL syringe (BD Discardit Il, New Jersey). The contents
of the syringe were injected into the chamber by an automatic pump (Harvard apparatus,
Catalog no 98-4362). For each sample a 90 s video was captured with shutter set at

1495 and gain at 400. The video was analyzed by using the NTA 2.0 Build 127 software. The
following settings were used for tracking of the particles: background extract on; brightness
0; gain 1.00; blur size 3x3; detection threshold 10, viscosity equal to that of water. All other
parameters were set to the automatic adjustment mode.

Flow imaging microscopy

A Micro-Flow Imaging (MFI) system (MF15200, ProteinSimple, Santa Clara, USA), equipped
with a silane coated flow cell (1.41 x 1.76 x 0.1 mm) and controlled by the MFI View System
Software (MVSS) version 2, was used for flow imaging microscopy analysis. The system
was flushed with 4 mL purified water at 6 mL/min prior to each measurement. The flow cell
cleanliness was checked visually between measurements. The background was zeroed
by flowing 10 mM phosphate buffer, pH 6.2, and performing the ‘optimize illumination’
procedure. Samples of 0.5 mL with a pre-run volume of 0.2 mL were analyzed at a flow rate
of 0.17 mL/min and a fixed camera rate of 22 flashes per second.

The data recorded by the MVSS was analyzed with MFI View Analysis Suite (MVAS)
version 1.2. For each sample, stuck, edge and slow moving particles were removed by
the software before data analysis. The equivalent circular diameter (ECD), which is the
diameter of a circle that has an area equal to that of the particle imaged by MFI, was
calculated and presented as a measure of the particle size.

Theoretical calculations

Fitting the experimental data with Smoluchowski’s perikinetic coagulation model

The experimental data were plotted such that they illustrate the changes in total particle
concentration over time, as particle collision leads to fusion into larger particles. These



changes were fitted by a one-phase exponential decay equation:

_ In2
N(t) = Noe Tew Ea. 1

from which N, (the initial total particle concentration) and Too (the experimental half-life,
i.e., the time at which the total concentration of particles reduces to half) were obtained.
Knowing the initial total number of particles N;, Smoluchowski's perikinetic coagulation

theory was used to predict a theoretical half-life (1,__) by assuming that all particle collisions

theor

lead to fusion:

3p

T =
theor 4KBTN02

Eq. 2

where p is the viscosity of the buffer, K, the Boltzmann constant and T the absolute
temperature. The sticking probability (a), defined as the fraction of particles remaining in

contact after collision*, was calculated from the ratio between 1, __and1_ :

theor p°

_ Ttheor _ 3 K

Texp  TexptKpTNo?

Eq. 3

Equation 1 was used to fit the experimental data for measurements with different starting
concentrations (using GraphPad Prism version 5). Subsequently, the collision efficiency for
each condition was calculated and compared.

Results

In order to monitor the particle formation and growth we performed simultaneous NTA and
MFI measurements at different time points after mixing equal volumes of IgG and dextran
sulfate solutions, yielding a final concentration of 0.05 mg/ml IgG and 0.05 mg/ml dextran
sulfate. The amount of free IgG was measured by SEC after spinning down the formed
particles.
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Figure 2: SEC results of centrifuged
IgG/dextran sulfate (1:1 w/w, total
concentration 0.01 mg/ml) mixtures,
shown as percentage of IgG left in
the solution at different incubation

Free IgG monomer (%)
g

. * time points. The reference bar is
reference 120 240 0.01 mg/ml IgG solution diluted
Time (min) twofold with 10 mM phosphate

buffer, pH 6.2. The measurement at 4 hours after preparation did not show any IgG peak at
all (*).

The amount of free IgG monomer in the control (IgG alone) and prepared dextran
sulfate/IgG mixture taken at three specified time points (see Figure 1) as measured by
SEC is shown in Figure 2. The appearance of the pellet after spinning down the mixture
was a solid precipitate.
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Figure 3: Results of NTA of IgG/dextran sulfate (1:1 w/w, total concentration 0.01 mg/ml)
mixtures as function of incubation time. Graphs show the total particle concentrations
(logarithmic scale) for each 100-nm wide size category within the size range between

100-800 nm at different time points (A: 101-400 nm; B: 401-800 nm). The size categories were
splitinto two graphs for sake of clarity. The results of duplicate experiments are incorporated
in the graphs, where each dot represents the mean and the bars the highest and lowest value.
The connecting lines serve as a guidance to clarify the progress of the particle concentration

of the different populations.

Compared to the reference sample, all samples showed a great decrease in free IgG
monomer content, down to 12%, 5% and 0%, at 2, 120 and 240 min, respectively, after
starting the incubation. Even though this SEC column showed to be suitable to separate



up to IgG tetramers, no oligomer peaks were detected by SEC for any of the samples,
suggesting that the IgG monomers are rapidly included in particles that are too large to
pass the SEC column and/or particles that are spun down during the centrifugation step
prior to SEC analysis.

Nanopatrticle tracking analysis (NTA)
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The generated size distribution curves obtained from NTA were sliced in segments of

100 nm bins and the total concentrations of particles within these segments at different
time points were plotted. The lower detection limit of NanoSight is about 40 nm (depending
on the light scattering properties of the particles), therefore the segmentation was started
from 100 nm. Size bins over 800 nm were not included because no reliable data could be
obtained (further explained in the Discussion section). The total concentrations of particles
in the categories between 100 and 500 nm were relatively high and decreased with time
already from the beginning (Figure 3A), whereas the larger size ranges showed an increase
in particle concentration after the start of the experiment, which gradually stabilized and
started to decrease at later time points (Figure 3B). The total nanoparticle concentration
(population with a size between 100-800 nm) and the associated average particle size of
this population over time are shown in Figure 4. The total particle concentration decreased
exponentially with an increase in mean size in the first hour of the study timespan.
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Flow imaging microscopy was used to monitor the concentration and size distribution of
particles in the micrometer-size range. Figure 5 shows the particle concentration as function
of time, plotted by grouping the particles in 1-um wide size bins, displayed up to 6 um (the
contribution of larger particles to the total particle count was negligible).

The particle concentration in the size range covered by the MFlinstrument started to increase
rapidly from about 1.5 hour after the start of the experiment. These particles were mainly in
the size range between 1-2 um. Interestingly, when the rate of increase in the concentration
of 1-2 ym particles started to decrease, particles in the range of 2-3 ym began to form at
a fast rate; when the increase in concentration of the latter size range started to level off,
3-4 um sized particles started to form. Similar trends continued to happen successively for
the larger particle sizes too. The total concentration of um-range particles increased over
time and reached its maximum at about 10 h, after which it started to drop gradually, while
the average size of the particles increased gradually over time after an apparent decrease
within the first minutes of the experiment (Figure 6).
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NTA and flow imaging microscopy results combined
In order to visualize the overall development of particle formation and growth, as studied



by NTA and MFI, the raw data generated by each method was used to plot the distribution
of particles of different sizes over time in a single graph (Figure 7).

This graph shows that a large number of nm-range particles were detected soon after the
mixing of the protein and the polyelectrolyte, while no pym-range particles were detected
at early time points. The particle size progressively increased with incubation time and the
trend was clear toward the formation of um-range particles within hours and a simultaneous
decrease in the number of nm-range particles.

so0a . . Figure 7: Graphical representation of the
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axis). Particles detected by NTA measurements are shown in the lower part (100-800 nm),
the ones from MFI in the upper part (1000-6000 nm). The grey bar represents the area that
is not covered by both techniques. For each time point, the calculated average size and the

corresponding standard deviation are indicated in red.

Fitting the experimental data into Smoluchowski’s perikinetic coagulation model

The decrease in total particle concentration measured with NTA and MFI were fitted in a
one-phase exponential decay formula (Eq. 1). For the concentration of 0.01 mg/ml the
fitted exponential decay resulted in a N, value of 1.29 x 10° particles per mL and a T of
12.8 minutes (95% confidence intervals (Cl): 8.1 — 31.1 minutes). With the help of Eq. 2
deduced N, value, the 1, was calculated to be 2.5 minutes. The sticking probability can
be either calculated by taking the ratio of 7,
N, and 1. values and the help of Eq. 3. For the condition with 0.01 mg/ml of total material

concentration resulted in an average sticking probability of 0.19 (95% CI: 0.08 — 0.31).

to 1., or directly from the deduced

The same data fitting approach was applied for two other concentrations with equal
IlgG:dextran sulfate ratio. The rationale behind the chosen condition was the assumption
that the nature of the particles, hence the kinetics of the coagulation, will stay the same.
The best-fit curves for the different studied conditions are shown in Figure 8. The curves
indicate that the lowest concentration of the mixture shows a much slower decay, hence a
larger Too (41.6 minutes (95% CI: 25.8 — 107.9 minutes) for a total concentration of



0.005 mg/ml, versus 14.1 minutes (95% CI: 10.2 — 22.6 minutes) for 0.02 mg/ml), compared
to the higher concentrations. Note that the NTA measurement of the 0.02 mg/ml sample at
the first time point indicated a higher average size, compared to the other concentrations.
This indicates that the particle coagulation for that concentration had proceeded to a further
stage. Figure 8 also presents the average sticking probabilities (average values: 0.16 for
0.005 mg/ml; 0.19 for 0.01 mg/ml; 0.18 for 0.02 mg/ml). The average values were not
significantly different (one-way Anova test: P = 0.9573).
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Figure 8: Total particle concentration over time for samples with 0.005, 0.01 and 0.02 mg/ml
of each starting solution are shown. The solid lines show the best fit curve gained by using
Equation 1 as a model. The graph in lower right corner presents the sticking probability
calculated with the help of Equation 2 and 3. The error bars represent the 95% confidence
interval.

Discussion

In this study we have shown the applicability of the combination of NTA and MFI for
monitoring the particle formation and growth, when a dextran sulfate solution is added to
an IgG solution. Analysis of particle concentration and size in both the nanometer- and the



micrometer-size range as function of time provides a good insight into the kinetics of the
particle formation process, in terms of both particle size and particle concentration. As soon
as the protein and the polyelectrolyte are mixed, the solution becomes supersaturated and
electrostatic interactions lead to rapid formation of protein-polyelectrolyte complexes'. At
this point nucleation occurs with the appearance of primary particles, which is associated
with a rapid loss of free monomeric IgG as demonstrated in our study by SEC analysis
(Figure 2). This observation is in line with the literature reporting that the stage of aggregation
of primary particles® into flocks is the rate-limiting step in the formation and growth of larger
particles*.

In this study NTA proved to be a valuable tool to study the interaction kinetics in the early
stage, where no micron-sized agglomerates are formed yet. However, the progressive
increase in larger particle concentrations made the NTA measurements increasingly difficult
to perform and eventually impossible. This is due to inaccuracies caused by the presence
of large particles (over 800 nm) with multiple scattering centers that rapidly change position,
which erroneously leads to the detection of apparent very small particles

(smaller than 100 nm).

Moreover, their brightness and size leads to masking and overlapping of particles. In
addition, above this size the Brownian motion becomes very low, leading to additional
inaccuracies?. This was the reason for applying NTA only for the first part of the coagulation
process (up to 440 min) and excluding the particles with sizes larger than 800 nm and
smaller than 100 nm. Continuously decreasing concentrations of particles in the lower
nanometer size range (101-400 nm) were accompanied by an initial increase followed by
a moderate decrease in concentrations of larger nanoparticles (> 400 nm), as shown in
Figure 3. The exponential decrease in total nanoparticle concentration (Figure 4) indicates
that over time the smaller particles coagulated in order to form larger particles. However,
the average particle size measured by NTA only increased at the start and afterwards
remained fairly constant. That can be explained by the chosen lower limit for the NTA data
(101 nm), leading to underestimation of the number of smaller particles®.

In the later stage of the coagulation process, when the particle size entered the micrometer
range, MFI took over the role of NTA to monitor particle growth. By displaying the measured
microparticle size classes in 1-uym bins, the consistency and precision of the technique in
monitoring the particle growth process was revealed (Figure 5). The course of the total
particle concentration showed a rapid growth, starting at about 90 minutes, and began
to decrease slightly after about 600 minutes (Figure 6). This indicates that around this
moment the low-nanometer particle population became depleted, while the growth within
the micrometer range continued. The average particle size provided by the MFI was very
large at the start, with a broad range, while the particle counts were very low. These results



are comparable to those obtained when only IgG or dextran sulfate solution was measured,
pointing to the presence of small amounts of particulate impurities or contaminants in
the starting materials. The average particle size by the end of the experiment was well
below 5 pm, which is too small to provide us with reliable morphological parameters?.
The perikinetic coagulation theory, developed by Smoluchowski about a century ago,
predicts the kinetics of particle growth due to Brownian motion driven collision of particles,
with subsequent fusion into larger particles®*>%*. This theory has been frequently used to
derive information about the time evolution of the particle concentration as they cluster
together. For instance, Fisher et al. used a Smoluchowski based population-balance model
to describe the precipitation behavior of lysozyme by polyacrylic acid*'. Chen et al. used
Smoluchowski’s perikinetic coagulation theory to describe the effect of mixing conditions
on the flocculation kinetics of proteins in wastewater*?. In our study the experimental data
was fitted with a simple exponential decay model (Eq. 1), in order to deduce the initial
particle concentration (N;) and the experimental half-life (Texp). This was performed for 3
different concentrations of the starting materials (with equal mass ratios of the components
in each). The physicochemical nature of the formed complexes restricts the success of
each collision to fuse into a new larger particle. In case of protein-polyelectrolyte particles
the surface could possess a net charge*?, which causes repulsion of similarly charged
particles. However, polyelectrolyte bridging in-between particles is the main mechanism
behind coagulation of protein-polyelectrolyte complexes*. With respect to this restriction,
the Smoluchowski model has some limitations, such as the assumptions that the colliding
particles are spherical; every collision involves two particles of identical initial size; and each
collision leads to a successful fusion?*, meaning that the sticking probability is unity and
independent of the particle size. This is very unlikely and probably explains the difference
between the experimental and theoretical half-life. With the deduced parameters from the
fitting, we have calculated the collision efficiencies, which matched very well between the
samples with different IgG and dextran sulfate concentrations.

Conclusion

The combination of NTA and MFI allowed us to analyze the growth kinetics of IgG/dextran
sulfate complexes. Our data suggest that electrostatic interactions between IgG and dextran
sulfate rapidly lead to the formation of particles. Due to particle collision these primary
particles fuse and start to increase in size, leading to a rapid decrease in total nanoparticle
concentration and a concomitant increase of new particles that grow further till they reach
a size of 1-2 um. The particle formation process could be described with the coagulation
theory of Smoluchowski, provided that a collision efficiency term was introduced. Our
approach provides novel insight into the kinetics and mechanism of protein-polyelectrolyte



complex formation and can be applied to other systems, such as complexes between
polyelectrolytes and proteins, DNA, or other biomacromolecules.
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