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Abstract

In this study we investigated the potential roles of nanoparticles (< 100 nm) and submicron
(100-1000 nm) particles in the formation of microparticles (> 1000 nm) in protein formulations
under some pharmaceutically-relevant stress conditions. Exposure of intravenous immunoglobulin
(IVIG) solutions to the interface-associated stresses of freeze-thawing or agitation resulted in
relatively large increases in microparticle concentrations, which depended directly on the levels of
preexisting nano- and submicron particles. Thus, agglomeration of nanoparticles and submicron
particles appears to play a role in microparticle formation under these stresses. In contrast,
increases in microparticle concentrations during quiescent incubation at elevated temperatures
were independent of the initial nano- and submicron particle concentrations in solution.

INTRODUCTION

Subvisible particle levels in therapeutic protein products are critical quality attributes,
potentially affecting patient health and safety. Importantly, even when present at relatively
low levels (e.g., < 0.1% of total protein mass) these particles may cause immunogenic
responses and/or infusion related hypersensitivity reactions in patients. For example, a recent
article authored by FDA researchers reported 49 cases of anaphylaxis including 7 fatalities
among patients receiving peginesatide, a commercial pegylated erythropoietin peptide
mimetic. The product was found to comply with USP <788> requirements for particle
content as measured by the traditional light obscuration method. However, using more
sensitive nanoparticle tracking analysis (NTA) and micro flow imaging (MFI) techniques,
higher concentrations of particles in the nano- and micron size range were observed in the
immunogenic marketed formulation compared to those found in the non-immunogenic
product used in the clinical studies. In further support of the role of subvisible particles in
immunogenicity, numerous /n vivo and a few /n vitro studies have shown that small amounts
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of these particles can activate various pathways of the innate and adaptive immune system.
2-8

Additionally, analysis of subvisible particles provides a sensitive tool to monitor and
characterize aggregation in protein products. For example, stresses incurred during one cycle
of freeze thawing or during filling operations for monoclonal antibodies (mAb) did not
result in the formation of soluble aggregates that could be detected by size-exclusion
chromatography (SEC) analysis, but thousands of microparticles per mL were detected by
particle counting methods.%10 Recently, several industry scientists have discussed case
studies showing that monitoring subvisible particles enabled them to devise particle control
strategies and make better decisions in support of formulation and process development, and
ensure higher product quality.11

Subvisible particles are ubiquitous in protein solutions.1? Freeze thawing, oxidation,
elevated temperatures, light exposure, agitation and mechanical shock — stresses to which
the protein product may be exposed to during production, purification, storage, transport and
delivery to patients — can cause formation of subvisible particles.®13-17 However, detailed
mechanisms by which subvisible particles form are unknown. Some studies have
investigated agitation-induced microparticle formation and concluded that the mechanisms
are protein-dependent with no clear relationship between levels of soluble oligomers and
microparticle formation, 1516 but these studies did not examine the potential contribution of
nanoparticles and submicron particles to the formation of microparticles. In another study,
however, Bai; et al. observed a direct relation between initial particle concentrations in the
size range of 100 to 1000 nm in solution and subsequent microparticle formation during
isothermal incubation of interferon-p-1a.14

With that background, the goal of the current study was to investigate the potential roles of
nanoparticles and submicron particles in the formation of microparticles in protein
formulations subjected to the stresses of elevated temperature, freeze-thawing or agitation.
Prior to the application of these stresses, we manipulated the concentrations of nano- and
submicron particles in IVIG solutions using ultracentrifugation or freeze-thawing.
Subsequent stress-induced particle formation was monitored using nanoparticle tracking
analysis (NTA) and microflow imaging (MFI).

MATERIALS AND METHODS

Materials

Methods

Gammagard® (IVIG), 100 mg/mL in 200 mM glycine, pH 4.2 (Lot# LE12N107AB, Expiry:
May 2016) manufactured by Baxter Healthcare Corporation (Westlake Village CA.) was
used as the model protein in this study. Glycine, sodium phosphate, sodium chloride and
polysorbate 20 were purchased from Fisher Scientific (Fair Lawn, NJ).

Effects of pre-existing particles on particle formation during freeze-thawing—
In this experiment, the goal was to examine the effects of pre-existing particles on particle
formation during freeze-thawing. IVIG from the manufacturer was diluted to 1 mg/ml in the
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formulation buffer (200 mM glycine, pH 4.2). To prepare a sample without pre-existing
particles, 25 mL aliquots of the protein formulation were centrifuged (Beckman optima
LE-80K ultracentrifuge) at 112,000¢ for 3 hours, and 20 mL of the supernatant was
removed. IVIG samples (non-centrifuged and centrifuged) were frozen by immersion in
liquid nitrogen and thawed in a water bath at room temperature. Submicron particle and
micron sized particle concentrations in freeze-thawed solutions were characterized using
NTA and MFI, respectively. For each determination of submicron and micron sized particle
concentrations, three independent replicates were used.

Effects of freeze-thawing-induced particles on particle formation during
agitation—In this experiment, the goal was to test the hypothesis that particles generated
during freeze-thawing might influence particle formation during subsequent agitation. IVIG
from the manufacturer was diluted to 1 mg/ml in the formulation buffer. A 25 mL aliquot of
1 mg/mL IVIG solution was agitated end-over-end at 40 RPM for 48 hours in a 50 mL
conical centrifuge tube. This IVIG solution was then centrifuged for 3 hours at 112,000g,
and 20 mL of the supernatant decanted. These steps served the dual purposes of
preferentially removing components from the polyclonal IVIG that had a high tendency to
aggregate, and creating an initial solution with minimal pre-existing particles. This initial
solution was next subjected to either freeze thawing (procedure mentioned above) followed
by agitation for 8 hours at 40 RPM in 50 mL polypropylene tubes, or to 8 hours of agitation
alone. After agitation, submicron particle and micron sized particle concentrations were
determined using NTA and MFI, respectively, for three independent replicates.

Effects of pre-existing micron and submicron sized particles on stress-
induced particle formation—The goal of this study was to determine whether the size
range of pre-existing particles influenced subsequent particle generation during agitation
stress. We prepared samples that contained various levels of nanoparticles and submicron
particles by fractionating a stock solution containing high levels of particles. This stock
solution was prepared by end-over-end agitation of a 1 mg/ml IVIG formulation for 48
hours. Particles were selectively removed from the aliquots of this stock solution by
preparative centrifugation. Samples were depleted of micron sized particles, leaving
submicron particles and nanoparticles in solution, by centrifugation for 45 minutes at 2350g
(30 mL in 35 mL Nalgene® tubes) using a Sorvall RC6plus centrifuge. Samples depleted of
micron sized particles and a fraction of submicron particles were prepared by centrifugation
for 45 minutes at 30,000¢g (30 mL in 35 mL Nalgene® tubes) using a Sorvall RC6plus
centrifuge. Finally, samples (20 mL) depleted of both micron and submicron particles were
prepared by centrifugation (Beckman optima LE-80K ultracentrifuge) for 3 hours at
112,000gin 25 mL polycarbonate tubes from Beckman. After centrifugation, aliquots from
each of the three sample types were used in three experiments: 1) samples were incubated
quiescently at 25° and 50° C for five days in 20 mL glass vials; 2) samples were freeze-
thawed as described above; and 3) samples were agitated end-over-end at room temperature
for 8 hours. For each experiment, nano- and microparticle concentrations were determined
using NTA and MFI, respectively, for three independent replicates.
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Particle characterization—~Particles greater than 1000 nm in size were characterized
using a Protein Simple (Ottawa, ON, Canada) 4200 MFI system with a 100 pm flow cell.
Sample volumes of 0.5 mL were analyzed, of which 0.1 mL was used as purge volume, 0.05
mL was used for background optimization and 0.35 mL was used for particle data
acquisition.

Nanoparticles and submicron particles (60-1000 nm) were characterized using a Nanosight
(Amesbury, United Kingdom) LM 20 system with the LM 12B sample chamber or the NS

300 system with a LM 14 viewing unit equipped with a 405 nm laser light source. Samples
were introduced into the instrument using a silicone oil-free 1 mL plastic syringe (National
Scientific Company, TN). Videos were recorded for 60 seconds and subsequently analyzed
using NTA 2.3 Build 127 software, using a screen gain of 1 and a detection threshold of 10.

Effects of pre-existing particles on particle formation during freeze-thawing

Ultracentrifugation of the IVIG samples effectively removed both submicron and micron
sized particles from the solution (Fig. 1). Thus, by comparing centrifuged and uncentrifuged
samples we could determine the effect of pre-existing particles on additional particle
formation during freeze-thawing. The levels of microparticles formed by freeze-thawing
were almost 4-fold higher in the samples that contained pre-existing particles than those
observed for the centrifuged, particle-depleted samples (Fig. 1a). In contrast, the increases in
submicron particle levels caused by freeze-thawing were not significantly dependent on the
presence of pre-existing particles (Fig. 1b).

Effects of freeze-thawing-induced particles on particle formation during agitation

Microparticle formation during 8 hours of agitation was more rapid in samples that
contained particles created by prior freeze-thawing (Fig. 2a). In contrast, the rate of
submicron particle formation was independent of the presence of pre-existing particles (Fig.
2b).

Effects of pre-existing submicron and micron sized particles on stress-induced particle

formation

To monitor further the role of pre-existing particles in stress-induced particle formation,
samples with varying levels of particles were obtained by applying different centrifugation
protocols to a 1 mg/ml IVIG formulation that had first been agitated for 48 hours. Agitation
produced high concentrations of particles that exceeded the upper detection limit of the
NanoSight instrument (ca. 10° particles/mL18) (Table.1). Centrifugation at 2350g removed
most of these microparticles, but left a high concentration of submicron particles in solution.
Centrifugation at 30,0009 removed microparticles and an intermediate level of submicron
particles. Centrifugation at 112,000 removed microparticles and most submicron particles.
These IVIG solutions were then incubated quiescently at 25° or 50° C, subjected to one
cycle of freeze thawing or subjected to 8 hours of agitation.
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IVIG incubation at 25° C or 50° C in the presence of varying levels of submicron particles

The samples described above that had been subjected to different centrifugation speeds to
yield different levels of submicron and micron sized particles were incubated quiescently at
25°C and 50° C. During incubation at 25° C, there were only slight increases in
microparticle concentrations in the IVIG solution containing the most submicron particles,
and the samples that had been subjected to more exhaustive centrifugation showed no
change in microparticle levels over five days (Fig. 3a). During incubation at 50° C,
microparticle levels increased more rapidly. However, for all three samples there were no
discernable effects of the initial levels of submicron particles (Figure 3b). Interestingly, there
were no significant changes in the submicron particle concentrations either in any of the
IVIG samples during 5 days of incubation at either 25° C or at 50° C. (Table 2).

Freeze thawing or agitating IVIG solution with varying levels of nanoparticles

The solutions of IVIG processed by the different centrifugation procedures were also
subjected to a single freeze-thawing cycle, which resulted in increases in microparticle levels
that were based on the concentration of pre-existing submicron particles in the solution (Fig.
4a and Table 1). Freeze-thawing of the IVIG samples that had been subjected to
centrifugation at 30,000g or 112,000¢ resulted in similar increases in the levels of submicron
particles. There were no discernable changes in submicron particle levels during freeze-
thawing of the sample processed at 2350g.

The IVIG solutions processed by the different centrifugation procedures were also subjected
to stress by agitation (Fig. 4b). In the solution that had been centrifuged at 2350g, which was
depleted of microparticles but contained high levels of submicron particles, microparticle
concentrations increased sharply during 8 hours of agitation. In contrast, in the IVIG
solutions centrifuged at 30,000g or 112,000g, which were depleted in microparticles and
also had reduced levels of submicron particles, fewer microparticles were formed.

Submicron particle concentrations increased during eight hours of agitation in IVIG samples
that had been centrifuged at 30,000¢g or 112,000g (Table 3). In the sample that had been
centrifuged at 2350g, submicron particle levels were near the upper detection limit for the
NTA instrument even prior to agitation, and remained high during agitation.

Nonionic surfactants are often used to reduce agitation-induced aggregation of therapeutic
proteins. To test for such an effect in our system, the IVIG solution that had been centrifuged
at 2350¢g was agitated with and without polysorbate 20. The presence of polysorbate 20
inhibited agitation-induced increase in microparticle concentrations (Fig. 4c). Submicron
particle counts for these samples could not be obtained because the levels in all samples
exceeded the upper detection limit for the NTA instrument.

DISCUSSION

Protein particle formation in therapeutic products can occur during all steps of
manufacturing, shipping, storage and delivery to patients.141%.17 |n order to develop
effective strategies to control particle levels — as required by regulatory authorities!® — it is
critical to employ the appropriate analytical methods and to understand key factors that
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contribute to particle formation. In the current study with the therapeutic protein IVIG, we
found that the presence of pre-existing nanoparticles and submicron particles fostered more
rapid formation of microparticles during agitation and freeze-thawing. In contrast, in IVIG
solutions depleted of these particles, much lower levels of microparticles were formed
during these stresses. But we also observed that these stresses may induce formation of new
smaller sized particles, and these particles presumably would subsequently contribute to the
formation of microparticles. It is likely that nanoparticles and submicron particles
agglomerate to form microparticles, as was shown previously for a monoclonal antibody
formulation.20

Often protein particle formation is associated with freeze-thawing and agitation, to which
products are exposed routinely.2122 In the current study, it was observed that microparticle
formation rates were insensitive to the initial concentrations of nanoparticles and submicron
particles during quiescent incubation at elevated temperature (50° C). However, these
particles promoted microparticle formation in IVIG solutions during freeze-thawing and
agitation.

During freeze-thawing, multiple stresses occur that may influence protein particle formation
and agglomeration.23 Ice formation during freezing leads to greatly increased concentrations
of solutes in the remaining liquid phase, potentially increasing both particle production and
agglomeration rates.23 Also, ice crystals present a relatively large interfacial surface to
which protein molecules and nanoparticles might adsorb, potentially promoting particle
formation and particle agglomeration.

During agitation, adsorption of protein molecules at the air-water interface contributes to
protein particle formation.21:24-27 Consistent with this mechanism is the observation in the
current and many earlier studies that inclusion of a non-ionic surfactant in the formulation
can substantially inhibit agitation-induced protein aggregation and particle formation.28-31 |n
the absence of surfactant, protein molecules that adsorb onto the air-water interface may
unfold and associate to form a gel or film.21:24.25 Protein particles in the bulk solution at the
start of an agitation stress may also adsorb onto the interface and contribute to the formation
of the layer of gelled protein.32:33 Mechanical stresses and rupture of the interfacial layer
can lead to more particles in the bulk.2:24 During agitation, compression and expansion of
the air-water interface and bursting of air bubbles can mechanically rupture the interfacial
gel.3435 Furthermore, agitation may increase the rate at which nanoparticles collide and
agglomerate to form larger sized submicron and micron sized particles. In our experiments,
IVIG samples depleted of nanoparticles prior to agitation did not form detectable levels of
microparticles for a substantial period of time. A possible explanation for this observation is
that agitation first generated nanoparticles at air-water interfaces, and subsequently the rates
of submicron and micron sized particle formation increased as nanoparticle levels became
more significant.

Overall the results from the current study and other recent studies on subvisible particle

formation have important practical implications for therapeutic protein product development
and quality assurance.®-1114-16 For example, consider a fill-finish operation for a therapeutic
protein formulation that occurs after frozen bulk drug substance is thawed. It is important to
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realize that the manner in which the frozen drug substance is prepared and handled, as well
as the thawing regime, and the solution handling and formulation steps, can greatly affect
the levels of micro- and nanoparticles/aggregates present in the protein solution.26 Of
course, sterile filtration (an operation typically conducted just prior to filling) with a 0.2 um
filter will remove most particles, but particles smaller than 200 nm may still be present, and
new particles might form due to the filtration operation itself.36 During the filling operation,
nanoparticles can be shed from the pump materials and/or tubing used in peristaltic pumps,
and protein molecules can readily adsorb to these particles.1%:37 Protein molecules also
adsorb to wetted surfaces of the pumping systems and can slough off as submicron and
micron sized particles.38:39 Furthermore, particles (e.g., glass particles) may be contributed
by the container itself. These initial particles in the product container, even at levels below
USP limits, may agglomerate over time during shipping, storage and administration,
potentially reaching unacceptable levels and/or resulting in visible particles.

Particle formation rates for a given protein product depend on numerous factors including:
the protein’s physicochemical properties, the solution composition, the specific stresses to
which the protein is exposed, and whether foreign submicron sized and/or nanometer sized
particles are being shed into the protein solution.10:36:40 Therefore, it is essential for each
step in a product’s life history that robust particle analytical methods, such as NTA and MFI,
are employed routinely to investigate particle formation. As part of a quality-by-design
study, relevant process and product parameters should be varied and appropriate analytical
methods for micron and submicron sized particles must be used. Otherwise, the causes and
control for particle formation will not be properly understood.
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Figure 1.
Total particle concentration following freeze-thawing of non-ultracentrifuged and

ultracentrifuged IVIG samples. (a) Particles = 1 um; and (b) particles between 60-1000 nm.
Error bars represent standard deviation from three independent replicates.
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Figure 2.

Total particle concentration for IVIG sample agitated for eight hours either with or without
prior freeze thawing. (a) Particles = 1 um; and (b) particles between 60-1000 nm. Error bars
represent standard deviation from three independent replicates.
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Total microparticle concentration during quiescent incubation of IVIG solutions previously
processed by centrifugation at various g forces. (a) Incubation at 25° C (b) incubation at 50°
C. Error bars represent standard deviation from three independent replicates.
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Figure 4.
Total microparticle concentrations in IVIG solutions previously centrifuged at various g-

forces and then exposed to (a) one cycle of freeze-thawing; (b) 8 hours of agitation (c) 8
hours of agitation in the presence (black circles) and absence (red squares) of polysorbate 20
(T20). Error bars represent standard deviation from three independent replicates.
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Table 1

Particle concentration in IVIG solution after 48 hours of agitation and subsequent centrifugation

Particles 60-1000 nm (108/mL)  Particles = 1 um (#/mL)

Agitation for 48 hours n/ad 918,000 + 260,000
Centrifugation 45 minutes, 2350 g 10.04+7.0 1,900 + 2000
Centrifugation 45 minutes, 30000 g 0.47+£0.14 1,300 + 1,400
Centrifugation 3 hours, 112,000 g 0.07+£1.27 140 + 80

*
Measurement error represents standard deviation from measurement of three independent samples

aSampIes above the limit of detection of the instrument (ca 109 particles/mL)
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Concentrations for particles of sizes between 60-1000 nm (108/mL) in IVIG solution centrifuged at various g
forces and incubated at either 25° C or at 50° C

45 minutes @2,350g 45 minutes @30,000g 3 hours @112,000g
Incubation at 25° C
Day 0 0.64 0.29
Day 1 0.32+0.15 1.96 +1.15
Day 2 n/ad 0.29 £0.27 193+1.13
Day 3 0.42+0.19 0.63+0.22
Day 4 0.55+0.10 1.33+0.62
Day 5 1.76 £2.10 1.18 +0.41
Incubation at 50° C
Day 0 4.1 1.28
Day 1 4.49+0.27 0.71+0.26
Day 2 n/ad 4.19+159 1.02+0.68
Day 3 2354228 0.37+0.14
Day 4 1.90 +0.24 0.08 +0.06
Day 5 1.80+0.82 0.76 £0.48

*

Measurement error represents standard deviation from measurement of three independent samples

a . . o . .
Particle levels above the upper limit of quantitation of the instrument (ca 109 particles/mL)
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Table 3

Concentration of nanoparticles of sizes between 60-1000 nm (108/mL) in IVIG solution centrifuged at various
g forces and exposed to either freeze thawing, agitation or agitation in the presence of polysorbate 20

45 minutes @2,350g 45 minutes @30,000g 3 hours @112,000g

Control 25.43 +£1.56 0.47 +0.007 0.23+0.20
Freeze-Thawing 19.90 + 0.569 2.85+2.68 1.50 + 0.595
Agitation

0hr 10.04+7.0 0.47 +£0.14 0.07 £1.27

0.75 hr 8.92 +2.82 2.89+1.03 0.80 £0.45

1.5hr 8.73+1.33 4.87 £1.09 2.85+0.65

2hr 8.55 +2.02 5.66 +0.57 3.01+0.85

4 hr 6.85+2.31 7.08+0.71 5.82+1.64

6 hr 8.01+1.54 748 +1.54 6.76 £ 1.49

8 hr 8.13+3.39 7.48 +2.07 6.03+1.43
Agitation with Tween 20 n/ad Not determined? Not determined?

*

Measurement error represents standard deviation from measurement of three independent samples
a .. L _— . .

Particle levels above the limit of quantitation of the instrument (ca 109 particles/mL).

b, .
Samples not tested for this treatment
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