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ABSTRACT

Purpose The goal of this study was to compare and evaluate
two preparative techniques for fractionation of proteinaceous
subvisible particles. This work enables future studies to ad-
dress the potential biological consequences of proteinaceous
subvisible particles in protein therapeutic products.

Methods Particles were generated by heat stress and separat-
ed by size using differential centrifugation and FACS
(Fluorescence-activated cell sorter). Resulting fractions were
characterized by size-exclusion chromatography, light obscu-
ration, flow imaging microscopy and resonant mass
measurement.

Results Here we report the optimization and comprehensive
evaluation of two methods for preparative fractionation of
subvisible proteinaceous particles into distinct size fractions
in the range between 0.25 and 100 pm: differential centrifu-
gation and FACS. Using these methods, well-defined size frac-
tions were prepared and characterized in detail. Critical as-
sessment and comparison of the two techniques demonstrated
their complementarity and for the first time—their relative
advantages and drawbacks.
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Conclusions FACS and differential centrifugation are valu-
able tools to prepare well-defined size-fractions of subvisible
proteinaceous particles. Both techniques possess unique and
advantageous attributes and will likely find complementary
application in future research on the biological consequences
of proteinaceous subvisible particles.

KEY WORDS nparticle fractionation - particle size - protein
aggregation - proteinaceous particles - subvisible particles

ABBREVIATIONS
AF4 Asymmetric flow field-flow fractionation
CCF

Central composite face-centered

DoE Design of experiments
FACS  Fluorescence-activated cell sorter
FI Flow imaging microscopy

FSC Forward scattering

leG Immunoglobulin G

LO Light obscuration

MAbl  Monoclonal antibody
PBS Phosphate buffered saline
RMM
RSM  Response surface methodology
uv Ultraviolet light

Resonant mass measurement

INTRODUCTION

Protein aggregation takes place to a certain extent in all
biotherapeutic formulations. Concerns are often raised and
debated with regards to the theoretical potential for aggre-
gates to cause an immune response in patients (1,2). Because
of possible biological consequences, such as immunogenicity
or altered bioactivity and pharmacokinetics (1,3-5), particles
of proteinaceous origin have recently received increased inter-
est from industry, academia and regulators (6). However, an
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undisputed general link between relevant clinical endpoints
such as immunogenicity and subvisible particles in
biotherapeutic preparations is still elusive. To date, the avail-
able data from  vitro and i vivo experiments are often con-
flicting and fragmented, which impedes coming to sound gen-
eral conclusions. A major caveat of the published studies to
date is the use of complex mixtures of therapeutic protein
monomer, various aggregates and particle populations span-
ning a large range of sizes and possibly including a variety of
chemical variations. However, potential effects generated by
individual species (ze., different size or modification) are diffi-
cult to delineate in such complex mixtures, as individual spe-
cies are not easy to obtain. Studies using human interferon
beta show that particles exposed to extreme artificial
conditions e.g., metal oxidation or adsorbtion to glass
induced an immune response in an transgenic mouse
model (7,8). Clinical data with different interferon beta
products show an increased anti-drug antibody forma-
tion which cannot solely attributed to aggregates but
also to formulation (can contain HSA), modifications
in the primary sequence and impurities acting as adju-
vants (9). Furthermore, a sound characterization of com-
plex mixtures used in these and other studies is often
technically difficult or not feasible. Additionally, it has
not been routinely employed by many groups studying
the effects of subvisible particles generated by artificial stress
conditions in various biological i vitro or in vivo models.

Thus, the reliable preparation of particles of such discrete
sizes and their detailed characterization may provide signifi-
cant advantage in further researching distinct species of pro-
teinaceous subvisible particles in relevant i viwo or i vitro test
systems, possibly being able to identify specific subvisible spe-
cies primarily relevant for a potential biological consequence,
if occurring.

Aggregation can be induced by a wide variety of stress
conditions (especially, when protein is not adequately stabi-
lized), including temperature stress, mechanical stress such as
shaking and stirring, pumping, pH stress and freezing and/or
thawing stress (10). Such stresses can also lead to proteina-
ceous particles, which can be in the visible or subvisible size
range (10). The effect of different types of stress on the induc-
tion of protein particles and aggregates, has been investigated
extensively (6,11—-14). Depending on the protein and applied
stress the resulting proteinaceous particles can range in size
from nanometers to hundreds of micrometers. To character-
ize (subvisible) particle sizes, several methods have been ap-
plied to date and are in further assessment. Size exclusion
chromatography is usually used for separation of soluble olig-
omeric (i e. dimeric up to tetrameric) protein aggregates in the
nanometer range (15,16), and is incapable to measure protein
particles. For larger protein aggregates (nanometers and sub-
micron), the use of asymmetrical flow field-flow fractionation
(AF4) has been employed to measure proteinaceous particles

with sizes between 50 and 250 nm (17-19). However, the
separation with AF4 and size exclusion chromatography
leaves room for improvement in terms of size range and par-
tition of protein aggregation. The separation of proteinaceous
particles in a size range of 1 to 50 pm which was reported
recently, utilized a fluorescence-activated cell sorter (FACS)
(20). Centrifugation for fractionation has been used in various
fields such as cell biology (21), bacteriology (22) or in the soil
industry (23) where species in the nm-, pm- and mm-size
range have been successfully separated. Commonly used cen-
trifugation methods to fractionate nanoparticles (24,25), blood
leukocytes (26), blood plasma and erythrocytes (27), cells (28),
bacteria (22), DNA (29) or soils (30) implement sucrose gradi-
ent, cesium chloride gradient, iodixanol gradients or the use of
Ficoll/Percoll. However, the use of gradients has been shown
to lead to contamination with new chemicals or residuals in
the sample (27).

FACS and centrifugation are two of the most promising
techniques for fractionation of proteinaceous particles and a
most recent report utilized versions of the two approaches to
enrich proteinaceous particles for follow-up biological charac-
terization (31). However, to date these methods have not been
comprehensively studied and optimized protocols are not
available. Here we report the production of several distinctly
sized protein nano- and micrometer subvisible particle frac-
tions using the methods: a) differential centrifugation separa-
tion and b) fractionation of particles using a FACS. Both
methods enabled preparation of well-defined size fractions of
proteinaceous subvisible particles using a model mAb, as
well as their detailed characterization. The two ap-
proaches were examined in detail and the experimental
parameters that influence particle isolation, fractionation
resolution, fraction purity, yield and other attributes
were carefully evaluated, which allowed for the first
time detailed characterization and optimization of these
two particle separation strategies. Finally, we provide an
assessment of the relative advantages and shortcomings of
the two techniques.

MATERIALS AND METHODS
Materials

One Roche proprietary IgG1 monoclonal antibody (MAb1)
was used as model protein for these studies. The solution was
filtered using 0.22 mm Millex GV (PVDF) syringe filter units
(Millipore, Bedford, MA) before use.

Dulbecco’s phosphate-buffered saline (DPBS) from
GIBCO (Invitrogen, San Diego, California) was used
when PBS is mentioned. Glycerol (for molecular biology,
>99%) was purchased from Sigma Aldrich (St. Louis,
Missouri, USA).
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Stress Condition: Mechanical & Heat Stress

Thermal/shaking stress was applied using a Thermomixer
fitted for 1.5 ml-tubes (Thermomixer Comfort, Eppendorf,
Germany). 1 ml of the 25 mg/ml mAb]1 solution was incubat-
ed for 3 min at 80°C with 1400 rpm shaking. The tempera-
ture was chosen as being way beyond the melting temperature
of the mAbl (data not shown). The sample was then
resuspended by drawing in and emptying out using a
disposable Norm-inject 5 ml luer lock silicone free sy-
ringe (HENKE SASS WOLF, Tuttlingen, Germany)
with attached 27 Gx 1'% needle (0.40x 40 mm) (Braun,
Melsungen, Germany) for 20 consecutive times, in order to
homogenize the solution and the generated insoluble matter.
The bulk solution was stored at —80°C after stressing. The
sample was diluted with PBS to an optimal concentration of
particles before fractionation using FACS.

Preparation of Subvisible Particles by Differential
Centrifugation

A 5810R table-top centrifuge (Eppendorf, Germany) with a
swing-bucket angle A-4-81 rotor (R=180 mm) was used for all
centrifugation experiments.

1) Empirical approach: selection of centrifuge
time/acceleration/volume/media, multi-step preparation

For fraction 1 (centrifugation-F1), 100 pul of initial
stressed sample was overlaid on the top of 1.7 ml glycerol
solution (25% w/w) using a pipette. The eppendorf tube
was then centrifuged for 180 s at 25X g. The supernatant
was discarded, whereas the pellet was resuspended in PBS
for analysis.

For the preparation of fraction 2 (centrifugation-F2)
100 pl of initial stressed sample was overlaid on the top
of 1.7 ml glycerol solution (25% w/w) using a pipette. The
first centrifugation step was performed for 240 s at 50X g.
The supernatant was collected in an eppendorf tube and
centrifuged again for 220 s at 50X g. The resulting pellet
was resuspended in PBS.

For the preparation of fraction 3 (centrifugation-I'3),
1 ml of the initial stressed sample was centrifuged for
60 s at 805xg. After centrifugation the supernatant was
collected and analyzed.

Fraction 4 (centrifugation-F4) was obtained by
centrifuging 1 ml of centrifugation-F3 for 7 min at
1811 X g. The supernatant was then collected for analysis.

2) Design of Experiments: Optimizing empirical parameters
and refining fractionation

The experimental parameters to obtain fraction 14

were refined using Central Composite Face-Centered
Designs (CCF) of experiment. The optimization for each
fraction is described in detail in the supporting information.
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Preparation of Subvisible Particles by Preparative Flow
Cytometry (FACS)

A BD FACS Aria ITu preparative cell sorter (BD Biosciences,
San Jose, California) was used with BD FACSDiva v 6.1 soft-
ware, applying the low-angle FSC detector equipped with a
488/10 bandpass filter for the 488 nm laser. A flow cytometry
size calibration kit (1, 2, 4, 6 10, and 15 pm) from Molecular
Probes (#F-13838; Life Technologies, Zug, Switzerland) with
non-fluorescent microspheres was used for the calibration and
definition of the sorting gates. For all experiments, autoclaved
PBS (pH 7.2) was used as sheath fluid, prepared using 10X
stock solutions and deionized water. To eliminate contaminat-
ing particles from the sheath fluid, the sheath line was
equipped with 0.22 pm filter. Five milliliter 12X 75 mm poly-
propylene round-bottom tubes (#352063, Corning Inc.) were
used for fraction collection. All samples were filtered through
40 pm cell strainer (#352235, Corning Inc.) before sorting.

Size Exclusion Chromatography (SE-HPLC)

Samples were analyzed by UV absorbance detection at
280 nm. A TSK G3000 SWXL column (5 pm, 250 A, 7.8
300 mm) from Tosoh was used for separation. The mobile
phase (200 mM sodium phosphate, 250 mM KCI, pH 7.0)
was pumped at a flow rate of 0.5 mL/min. Sample size for
analysis was 25 pg. The stationary phase was kept at 25+ 2°C.
1 ml of each sample was centrifuged for 10 min at 14,000 rpm
before injection of the obtained supernatant. For each sample
25 pl was injected.

Light Obscuration

A HIAC ROYCO instrument model 9703 (Pacific scientific,
New Jersey, USA) was used for all light obscuration (LO)
measurements. A small volume method using a rinsing vol-
ume of 0.4 ml and 4 runs of 0.4 ml each was applied, as
described previously (14). Flow rate was set to 10 mL/min.
The first run was discarded and the average +standard devi-
ation of the last 3 runs was reported for each sample. Blank
measurements were performed at the beginning of the mea-
surements and in between samples using fresh particle-free
water. The acceptance criterion for blanks was: “less than 5
particles>1 pm”. The system suitability test consisted of the
measurement of count standards of 5 um (Thermo Fisher
count standards) with acceptance limits of £ 10% the reported
concentration for particles bigger than 3.0 pm was performed
in the beginning of each measurement day.

Flow Imaging Microscopy

The initial samples as well as all collected fractions were ana-
lyzed by flow imaging microscopy (FI) using a MFI DPA4200
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series instrument (ProteinSimple, Santa Clara, California)
equipped with a 470 nm LED light source. All particles larger
than 1 pm in equivalent circular diameter were reported,
considering the lower limit of detection of equipment. Size
and count standards (ThermoFisher, Reinach, Switzerland)
were used to check consistency of the sizing and counting
accuracy of the instrument on the day of each measurement.
The system was cleaned (before each measurement day) using
1% (w/v) Terg-a-zyme® (Sigma Aldrich, St. Louis, Missouri),
followed by rinsing with water for 10 min. For these flushing
steps, the flow rate was set to “maximum speed”. Flushing
with water was repeated after each sample. The “optimization
of illumination” routine was performed prior to analysis, using
filtered sample or PBS matching the buffer composition of the
sample to be analyzed (e.g., filtered sample for measuring after
heat stress or PBS to measure FACS fractions). For measur-
ing, 1 ml of sample was placed in a 1 ml dual-filter tip on the
inlet port.

Resonant Mass Measurement (RMM, Archimedes)

Resonant Mass Measurements (RMM) were performed using
Archimedes system (RMMO0O017, generation 2) from Malvern
mstruments LTD (Malvern, United Kingdom). Micro sensor
chips with internal microchannel dimensions of 8 pm X8 um
were used for all the experiments. The calibration of the sen-
sor was done using 1 pm Duke polystyrene size standards
(Waltham, Massachusetts, USA) diluted in water to approxi-
mately 10° part/ml. The calibration was finalized after 300
particles were detected as recommended by the manufacturer.
The particle density for proteinaceous particles was defined as
1.28 g/ml. Before measurement, one ml of the sample to be
analyzed was centrifuged 5 min at 1258 X g in order to remove
large particles that could block the sensor during RMM. The
influence of the additional centrifugation step on the particle
concentration can be seen in Supplemental Figure 7.
Measurements were performed in triplicates and the sensor
was filled with fresh sample during 40 s before each measure-
ment. The limit of detection (also called threshold) was man-
ually set to 0.015 Hz for each analysis. Each measurement
stopped either after 1 h of measurement or when a total of
4000 particles were detected. During measurement, the
“autoreplenish” function was automatically activated every
500 for 5 s to load fresh sample and avoid settling down of
particles in the sensor and tubings.

RESULTS

The aim of this study was the development, comprehensive
evaluation and comparison of methods for the preparative
fractionation of proteinaceous subvisible particles, with diam-
eters ranging from hundreds of nanometers to approximately

hundred micrometers. Two different methods were evaluated.
Besides the two reported methods, other techniques such as
sequential filtration, gravitation, asymmetrical flow field-flow
fractionation or gel chromatography were initially also tested
for their applicability to isolate different size fractions.
However, these methods had limitations in their usable size
range or sample amount.

First, a differential centrifugation fractionation of pro-
teinaceous particles was developed and carried out to
obtain a number of discrete fractions of various sizes
spanning the range mentioned earlier. In order to opti-
mize the method and process parameters, a statistical
design of experiments approach (DoE) was applied.
Second, fractionation of proteinaceous particles using
preparative FACS strategy, comparable to the method
reported elsewhere (20), was applied. The factors
influencing the quality of separation in both methods
were examined in detail. Light obscuration (LO), Flow
Imaging (FI), flow cytometry and Resonant Mass
Measurements (RMM) were used to measure the parti-
cle size distributions of the resulting fractions. The dig-
ital images generated by the FI measurements allowed
an approximate calculation of ratio of protein particles
contained in these fractions. RMM was used for the
detection and quantification of submicron particles.

Generation and Characterization of Subvisible
Proteinaceous Particles

In order to generate sufficient amounts of proteinaceous
particles for method assessment, a starting solution of
therapeutic IgG1 protein product with concentration of
25 mg/ml was heated to 80°C for 3 min which lead to
the extensive particle formation. After this treatment,
the relative protein monomer content in the supernatant
was below 0.05% and no nanometer aggregate forma-
tion could be detected by size exclusion chromatogra-
phy. After heat stress, the resulting samples contained
particles in a broad size range (see Fig. la). The harsh
treatment described above generated numerous very
large particles which were broken up into smaller spe-
cies by drawing and pushing these through a 27GX
1.5“needle mounted on a 5 ml disposable syringe,
resulting in a typical decay distribution with increasing
size (see also Iig. 1b). The proteinaceous particles pre-
pared using this technique demonstrated adequate sta-
bility upon dilution in PBS and in the media used in all
experiments (measured by flow imaging microscopy—see
Supplemental Figure 8). Furthermore, the particles pro-
duced using the procedure described above were suffi-
ciently stable upon freeze/thaw and storage at —80°C
(Supplemental Figure 8), to allow sample storage.

@ Springer
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Fractionation of Subvisible Proteinaceous Particles
Using Differential Centrifugation

An empirical approach for centrifugation using adapted
Stokes law [7 =9In/ (QrQ(ppfps)coQR] where T represents the
centrifugation time, r is the radius of a sphere, py, is the density
of the particle, p, stands for the density of the solution, o is the
angular velocity of the centrifuge and R is the rotor radius,
was used to isolate four different fractions of high purity (ap-
proximate mean diameters; 0.4, 1.5, 15 and 40 pm). These
experiments informed the definition of the critical experimen-
tal parameters that might have an impact on the fractionation
performance.

In order to extend centrifugation times to practical length,
to slow down the sedimentation of large particles and prevent
co-sedimentation of particles of different sizes, we noticed that
it was necessary to increase the viscosity of the medium. This
was achieved by the addition of glycerol to varying concentra-
tions (see Table I). A content of 25% glycerol (w/w) was suf-
ficient to maintain large particles (>15 pm) in suspension and
avoid rapid sedimentation. To verify that the use of glycerol
did not impact the morphology of the particles flow imaging
microscopy measurements were carried out. Indeed, particles
which were in contact with glycerol during the fractionation
procedure and consequently resuspended in PBS did not show
any measurable difference in their size, circularity, aspect ratio
and object intensity parameters in comparison to parti-
cles that did not have contact with glycerol (data not
shown). Moreover, the amount of glycerol remaining after
centrifugation and resuspension of pellets in PBS was estimat-
ed (based on pellet/fraction volumes) to be relatively low (ap-
proximately 2.5% (w/w)). To arrive at these initial parameters
for the empirical approach, a broad screen was carried out in
a large number (~1000) of experiments which explored the
following parameter ranges: centrifugation time in the range
of 30 s—6 h, acceleration in the range of 8-3226 X g, and glyc-
erol concentrations from 0 to 100% . As a guide to future
experiments, we would suggest the user to begin with the
parameters outlined in Table I . and adapt them in order to
fulfill their requirements.
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In a second step, a design of experiments (DoE)-approach
was used to further optimize and refine the fractionation pa-
rameters. For this approach a response surface methodology
(RSM) and a Central Composite Face-Centered Designs
(CCF) were utilized due to their flexibility, efficiency and the
fact that the experiments could be run sequentially. The em-
pirically optimized fractionation parameters in the first step of
the method development served as center points of each DoE.
The aims of the DoE optimization (optimal responses) were
high purity and high particle concentration in the desired size
range. Therefore, the variables (i.e., acceleration, centrifuga-
tion time and glycerol concentration) and responses were se-
lected in each case as described in Table I. Each optimal point
was confirmed experimentally to verify the predicted optimal
conditions. After each successful confirmatory run the respec-
tive fractionation using those optimal conditions was repeated
in larger scale in order to perform the full analytical charac-
terization (SE-HPLC, RMM, FI, LO).

Using the DoE optimization it was possible to refine the
experimental parameters in order to obtain higher particle
concentration and/or reach size targets for four different frac-
tions as described in Table I and Fig. 2. The proportion of the
variation of the response described by the model (R2) shows in
all the cases that the data was accurately modeled (see
Supplemental Figure 2B, Supplemental Figure 3B,
Supplemental Figure 4B, and Supplemental Figure 5B). The
high values obtained for the proportion of the variation of the
response predicted by the model according to cross validation
(Q2) allow good model prediction in each case. Moreover, the
models were deemed to be valid as demonstrated by validity
values larger than 0.25 for each model (indicating no lack of
fit) as depicted in supplemental figure 2B to 5B.

The size distributions of the four DoE optimized fractions
described above were measured using LO and the additional
characterization methods FI and RMM (see Fig. 2). Besides
the minor discrepancy between the distributions reported by
LO and flow imaging microscopy (observations also previous-
ly reported in literature (32,33)) the results presented in Fig. 2
demonstrate that the resulting fractions had high particle con-
centrations in the targeted size ranges, high purity as indicated



Preparative Fractionation of Subvisible Proteinaceous Particles

3957

Tablel Centrifugation parameters to obtain four different fractions, including final results obtained with empirical approach and optimized results using a DoE.
Techniques used to measure individual fractions: MFI Microflow Flow Imaging and RMM Resonance Mass Measurement
Name Target/ mean  Process Variables for centrifugation: Particle concentration Mean diameter ~ Comments
size expected time, acceleration, and [#/mi] measured in Um
glycerol concentration
Centrifugation-FI  Larger than ~ Empirical 180 s-25 X g-25% 1.5 10° (MF) 38.1 (MFI) Higher particle concentration
40 um and larger mean diameter
Optimized by DoE 200 s-48 X g-26.8% 1.6 10° (MFI) 42.3 (MFI)
Centrifugation-F2 15 um Empirical 240 s-50 X g-25%+220  1.5% 10° (MFI) 1 7.8 (MFI) Lower particle concentration for
s-50Xg particle larger than 25 um
Optimized by DoE 260 s-72 X g-25%+ 180 1.5x 10° (MFI) [5.3 (MFI)
s-72Xg
Centrifugation-F3  Close to Empirical 60 s-805Xx g 8.0x 10° (MFI) [.33 (MFI) Lower particle concentration
I m but smaller mean diameter
(i-e., lower amount of bigger
particles)
Optimized by DoE 160 s-846 X g 4.2x 10° (MFI) [.25 (MFI)
Centrifugation-F4  Smaller than ~ Empirical 7 min-2051 x g 4.1%10°(RMM)  0.43 (RMM) Lower particle concentration
0.5 um but smaller mean diameter
(i.e., lower amount of bigger
particles)
Optimized by DoE || min-2465x g 2.1x10°RMM) 036 (RMM)

by low content of small particles in large fractions (centrifuga-
tion-F1 and centrifugation-F2) and low content of large par-
ticles in the small fractions (centrifugation-F3 and centrifuga-
tion-I'4). Representative Il images of particles from the differ-
ent fractions can be found in Supplemental Figure 6.

As seen in Fig. 2, defining features (and major advantages)
of the differential centrifugation approach were: a) the rela-
tively high concentrations of particles that can be achieved in
the final fractions and b) the broad size range that can be
accessed using this method. Resuspension of the pellet (for
fractions containing large particles) allowed adjusting the par-
ticle concentration and the buffer composition to user require-
ments. Moreover, contamination of large size fraction with
nanoparticles was nearly completely eliminated by adding
glycerol during the centrifugation process.

Fractionation of Subvisible Proteinaceous Particles
Using FACS

For the preparation of micrometer-sized subvisible proteina-
ceous particles, the same starting material was used as for the
centrifugation approach (see Materials and Methods section).
In principle, preparation of nanometer-sized particle fractions
by FACS is also possible, although using this approach re-
stricts the sample to low final protein concentrations. These
low concentrations may present challenges for follow-up bio-
logical characterization studies. The sizes of the target frac-
tions were estimated using a FACS size calibration kit con-
taining beads with an approximate diameter of 2, 4, 6 and
15 um and the Forward Scatter (FSC-A) signal. The cell sorter

used 1n this study (see Materials and Methods section) allows
simultaneous sorting of four different size-fractions. The posi-
tion and the broadness of gates were set to achieve very nar-
row size-fractions (see Figs. 3 and 4.). However, it needs to be
pointed out that narrow gates require more material and lon-
ger sorting times (see Supplemental Figure 1). The particles
were sorted (with settings “four-way purity”) applying the gate
limits defined above. After sorting, all fractions were measured
using flow cytometry (see Fig. 3.) The polystyrene beads, as
well as the sorted proteinaceous particles where measured
using FI (for representative images see Fig. 3 b and c¢). As seen
in Figs. 3 and 4 all fractions were in excellent agreement with
the polystyrene beads of similar size and the final size distri-
butions matched the pre-determined gates which was con-
firmed by the additional analytical methods applied.

The first experimental parameter explored in detail was
the nozzle size. Using different nozzle sizes influenced the
particle concentration of the sorted fractions. As expected,
larger nozzle sizes lead to larger drops containing more sheath
fluid (PBS) and sample buffer (also PBS). Thus, the risk of
coincidence of two or more particles per drop is higher for
larger drops and the drop frequency is much lower compared
to streams from smaller nozzles. In addition, larger nozzle
sizes require less pressure and exert a less harsh mechanical
treatment to particles. Conversely, some of the disadvantages
of smaller nozzle size are the higher tendency for clogging of
the orifice and also spraying of the stream by partial blocking
and the resulting diversion of the stream. Larger particles may
cause a deflection of the stream by partial blocking the nozzle
and therefore mis-sorting when passing through the nozzle.

@ Springer
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Fig. 2 Particle concentration (solid lines) and integrated mass (dashed lines;
see Materials and Methods for detailed description of the calculations) for
fraction | (a), fraction 2 (b), fraction 3 (c), fraction 4 (d) obtained by centrifu-
gation with optimized conditions. Results from RMM are shown in black, Fl
measurements in blue and LO - in red.

After testing all three available nozzles, the 100 pm nozzle was
chosen as optimal for the target fractions, because it applied
the softest conditions in matters of pressure and mechanical
stress from passing the nozzle.

The optimal number of events per second (.e., number of
particles) in FACS is a quarter of the overall drops per second
(manufacturer’s recommendation). Therefore, in the case of the
70 pm nozzle with a drop rate of 90 kHz, the optimal rate is
~22,000 events/s and for the 100 pm nozzle with a drop rate of
30 kHz the optimal rate is ~7500 events/s. In cases where
higher concentrations of particles in the starting solution were
used, a higher discard rate of drops by the instrument was ob-
served, which resulted in an increased probability of coincidence
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of two or more particles in one drop (not separated). Therefore,
the concentrations of particles in the starting material were ad-
justed below 7500 events/s by dilution with PBS (sheath fluid). It
needs to be pointed out that using a buffer different from the
sheath fluid may lead to false positive results due to differences in
the refractive indices or in rare cases foaming.

The resulting sorted fractions were analyzed using flow
cytometry (Fig. 3a), LO and FI (to quantify the particles larger
than 1 pm) and RMM for submicrometer particles (Fig. 4a—
d). The results from all size-distribution measurements were
consistent between all methods with a small shift to smaller
sizes in the case of LO measurements. This minor undersizing
effect has been described previously in reports that have re-
ported smaller and fewer particles in LO as compared to flow
imaging microscopy (32,33). The content of submicrometer
particles in all four FACS fractions determined by RMM was
several million particles per ml (Fig. 4). These smaller particles
could not be measured and fractionated by FACS due to the
technical limitation of this method to detect only scattered
light of particles larger than the laser wavelength. All particles
smaller than this threshold cannot be detected and end up in
all FACS-sorted fractions. Therefore, after sorting, the sam-
ples did contain not only particles of the desired size but also a
small amount of “contaminating” particles of smaller
(submicrometer-sized) and larger sizes. This can be attributed
either to a) the possible break-up or aggregation of particles
upon sorting due to the mechanical forces that are applied
apart, b) coincidence of two particles in one drop or c¢) partial
blocking of the nozzle by large particles causing diversion of
the stream. One strategy to increase the purity of the fractions
1s by resorting the already sorted fractions (20). However, it
was found that resorting only led to a small increase in the
purity, but in a large decrease in the concentration of particles.
In comparison to a previous study (20), the purity of the indi-
vidual initial fractions in the current report was very high and
therefore, a resorting was not justified. The relatively high
purity after the first sort was attributed to the higher stability
of the particles as compared to the previous report. Data re-
garding the stability (reversibility) of fractions after freeze/
thaw can be found in Supplemental Figure 8 (FACS fraction
1 and fractions generated by differential centrifugation given
as examples). A comparison of the fractions generated by cen-
trifugation and FACS can be found in Table II.

DISCUSSION

In this study a number of method attributes were evaluated in
order to understand the applicability of the individual
methods and define a toolkit for characterization of proteina-
ceous subvisible particles that researchers can use in future
studies. The size-range, resolution, purity and yield and some
additional factors were systematically assessed.
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Size-Range

Naturally, both methods examined in this study are restricted
in their working size-range by physical limitations related to
the separation principle or the instrumentation used. For ex-
ample, the smallest particles that FACS can theoretically sep-
arate have a diameter of 0.5 pm. The lower detection limit

could in principle be improved by increasing the angle of the
forward scattering (FSC) detectors because particles with sizes
near and below the laser wavelength (nanometer-sized
particles) scatter proportionally more light at larger angles
(34). The limit is also dependent on the instruments settings
for the detector voltage of the forward and side scatter detec-
tors. It has been shown that detector voltage settings for
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detection of very small particles (0.5 to 3 pm) are not suitable
to distinguish between larger sizes (larger than 3 um) and
settings for larger particles (larger than 1 pum) results in the
loss of sensitivity for particles smaller than 1 pm (35). The
upper size-limit of FACS instruments is dependent on the
nozzle size. As a general recommendation the manufacturer
suggests not to exceed an object size of 50 um for this specific
instrument.

In contrast to FACS, centrifugation-based separations are
less restricted in their working size-range. As a consequence,
the differential centrifugation method described here can be
used to preparatively separate a much broader size range of
particles as compared to FACS-particles between the sizes of
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Summary for fractions isolated via centrifugation or FACS

Table Il

FACS-FI FACS-F3 FACS-F4

FACS-FI

Centrifugation-F2 Centrifugation-F3 Centrifugation-F4

Centrifugation-F |

Parameters

12x10° 1.6x10° 0.6%10°

13x10°

16x10° = 1.2% 10’

44x10°+2.4x 10"

5% 10°+3.6x10°

20X 10°+40x% 10°

Flow imaging microscopy particles/ml

5.1 % 102+£2.7x10'
2.1%x107+35%10°

67%10°+29x% 10
1.6 m (MFI)

12X 10°+ 1.8% 0%
24x10"+83x%10°

45 pum (MFY)

6.8x10*+6x 102

1.5 102+ .4X [0’
20107 +2.8% 10°
0.36 um (RMM)

1.0X 0°+2.4x% |0°
10X 108+ 1.6x10%
.25 pm (MFI)

[.1X10°+.5% [0
20x 10 = 1.5% 10

7% 10°+2% |0°
40x10*=1.6x 10*
38.8 um (MFI)

(1-200 um)=SD
LO particles/mi(1.3-100 pm)=SD

1.9% 107 +54x% [0°

2.3 um (MFl)

7% 107 +£59% [0°
13.1 m (MFI)

RMM particles/ml(0.2-5 um) +=SD

15.3 um (MFI)

Mean diameter (um) + (instrument

used to measure)

Working fluid
Additives

PBS PBS PBS

PBS

PBS or placebo buffer  PBS or placebo buffer  PBS or placebo buffer

PBS or placebo buffer

none

none

none

none

none

none

Glycerol

Glycerol
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0.2 and 100 pm can be easily separated. Therefore, one major
advantage of differential centrifugation is its suitability for
preparation of submicrometer particle fractions. In addition,
as demonstrated in this study (see Fig. 2a), particles
larger than 40 pm can be easily separated as well.
The possibility to obtain particle fractions of different
sizes ranging from low-nanometer to larger than
100 pm in the same experiment is a major advantage
of differential centrifugation. However, it needs to be
mentioned that obtaining multiple size-fractions in a
single experiment requires the use of an additive to
increase the viscosity of the medium (ze., glycerol or su-
crose) in order to avoid cross-contamination of the different
fractions.

Resolution

A major difference between both methods is the resolution of
prepared fractions. With flow cytometry it was possible to
prepare particles in a very narrow size window, e.g., 2 um
(Fig. 4). The differential centrifugation method allowed isolat-
ing fractions with approximate mean diameters of 0.4 um
[0.2-0.8 pm], 1.5 pm [0.2-2.5 pm], 15 pm [1-30 um] and
40 pm [10-60 pm], whereas FACS fractionation method sep-
arated fractions with mean diameters of 2 um, [1-3 pum] 4 pm
[3-5 pm], 6 um [5—7 pm] and 15 pm [5-25 pm]. With
exception for sub-micron fractions, the centrifugation method
generated rather broad size distributions. For example, com-
parison of the 15 pm fractions generated by FACS (Fraction
1, Fig. 4a) and differential centrifugation (Fraction 2, Fig. 2b)
show a very broad distribution for the fraction using the sec-
ond method. In contrast, the 15 pm fraction generated by flow
cytometry was much narrower in size range. Very narrow
fractions of 2, 4 or 6 pm mean particle diameter have also
been generated using FACS, which was not possible with the
centrifugation method. Whereas obtaining fractions of dis-
crete sizes using centrifugation was challenging and might
need further development. In principle, the FACS method
can be used to generate even more narrow fractions than
the ones reported here. Naturally, one drawback associated
with such efforts would be the requirement for more material
and longer fractionation run times. The time for sample prep-
aration with both methods is very different and depends high-
ly on the initial sample and its preparation. As stated in
Table III, differential centrifugation uses more time than
FACS mainly because of the higher sample amount require-
ments. The fractionation run time (z.e., the instrument time
that was needed for either centrifugation or FACS, not
counting the time for sample preparation or setup of the in-
strument) for 1 ml of both 15 pm fractions is 8 min for centri-
fugation and 5 min with FACS. Any changes in size range of
the desired fraction and particle concentration of the initial
sample can significantly change these time frames.

Table Il Comparison of the attributes of FACS and differential centrifuga-
tion methods with respect to the generation of micrometer-sized subvisible
particle fractions

Attribute Method

Differential centrifugation FACS
Presence of nanoparticles Low High
Resolution Medium High
Yield High Low
Size range Large Medium
Preparation time Long Medium
Additives needed Yes No
Purity and Yield

One drawback of the FACS fractionation method is the in-
ability to detect particles smaller than 0.5 pm due to physical
limitations in the detection with laser light scattering. This
leads to contamination of all FACS fractions with small parti-
cles which can be detected using alternative methods (e.g.,
RMM, FI). Indeed, RMM confirmed the presence of nano-
particle contaminants in the FACS fractions (Fig. 4a—d).
Although, resorting of the initial fractions did minimize the
nanoparticle contamination, the improvement was attributed
largely to the dilution effect rather than specific removal of
submicrometer particles. More importantly, the differential
centrifugation method does not have this limitation.
Figure 2a and b show a very low content of submicrometer
particles in the micrometer fractions (Fraction 1 and 2). This
also suggests an interesting approach to achieve very pure and
also narrowly sized fractions—a combination between FACS
and centrifugation fractionation. More specifically, a first-pass
centrifugation step could be applied to remove the nanopar-
ticles present in a sample. As a second step the micrometer
centrifugation fractions can be separated using FACS to gen-
erate well-defined fractions of specific sizes. Alternatively, the
approach can be reversed centrifuging FACS-generated frac-
tions to separate micrometer from nanometer particles.
However, the latter approach may be impractical due to the
necessity for viscosity additives (e.g., dycerol).

Although some of the fractions generated in this study did
contain certain amounts of “contaminating” nanoparticles, if
calculated in terms of protein mass the impact of this contam-
nation was negligible. Flow imaging microscopy and RMM
data can be used to perform such calculations of the total
protein mass of the particles present in every sample based
on the digital image analysis (taken in Flow imaging micros-
copy) (36) or on the buoyant mass (RMM) (37). Such calcula-
tions for the fractionation experiments presented here showed
practically no influence of the submicrometer particles on the
protein content of micrometer fractions generated by FACS
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and centrifugation (Figs. 4a—d and 2a—b). However, the
mass calculations reveal an important practical aspect of
the fractionation of subvisible particles—i.e., the frac-
tions of the smaller-sized particles contain much less
protein than the larger-sized fractions. This effect is a
natural consequence of the power relationship between size
and volume (e.g., sphere = %mB ). Interestingly, the impact of
this effect seems to be larger in the FACS fractionation meth-
od, which can be attributed to the higher purity of the indi-
vidual fractions.

The particle concentration generated by FACS is limited
by the fact that the flow cytometer sorts drops of buffer and
sheath fluid of the same size. Drops with smaller particles
therefore, contain relatively more sample fluid than large
drops that almost fill out the whole drop. This can also be
seen at the particle concentration measured by FI of the
FACS fractions 1 to 3 indicating that the same number of
particles is present in the same volume. Fraction 4 has a lower
particle concentration due to the detection limit of the FI
instrument. Therefore, FACS cannot be used to create con-
centrated fractions, but might be combined with centrifuga-
tion to concentrate and also to remove submicron contamina-
tion from the fractions as described above. Using centrifuga-
tion it would be possible to reach even larger protein concen-
trations (than those presented here) for fractions including the
resuspension of a pellet (Fraction 1 and 2). Indeed, each pellet
was resuspended in 1 ml of PBS in our study but for some
other purposes the number of pellets or the initial volume
could have been increased and resuspended in smaller vol-
umes (data not shown). Although the primary target was pu-
rity of the fractions, we calculated the recovery yield for both
15 pm fractions generated with FACS and centrifugation.
The initial sample contains 86 million particles/ml in the size
range between 5 and 25 um which is diluted 1 to 5. The
FACS fraction | contains only 60,000 particles/ml, t.e.,
0.35%. For centrifugation fraction 2 the initial sample was
diluted 1 to 10 and contains 150,000 particles/ml, ¢.e.,
1.75%. However it needs to be pointed out that 1 ml of initial
sample yields more than 1 ml after FACS sorting.

Other Factors

An important consideration in setting up fractionation of sub-
visible particles using the methods described in this study is the
particle concentration in the samples. For example, in flow
cytometry the number of particles should not exceed the num-
ber of drops per second (e.g., 7500 events per sec with the
100 um nozzle) in order to avoid coincidence of two or more
particles in the same drop. Thus, high particle concentrations
can lead to either mis-sorting and/or to slower sorting rates
because of discarded drops containing multiple particles. In
the case of centrifugation we only tested experiments using
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protein solutions with concentrations of up to 25 mg/ml. It
1s conceivable, that higher concentrations might need to be
diluted before centrifugation to prevent an interaction be-
tween large and small particles.

The centrifugation-based approach to fractionation of par-
ticles larger than 5 pm requires the addition of viscosity mod-
ifiers (e.g., glycerol) to reduce the sedimentation speed and
improve the fraction purity. In fact, it is exceedingly difficult
to isolate proteinaceous particle fractions of large mean diam-
eter (e.g., 30—40 pm) without the use of glycerol. Our first
attempts to generate such fractions without glycerol always
contained a large number of smaller particles (0.2 to 2 um).
Of course, the use of glycerol may potentially result in addi-
tional complications—for example, the addition of glycerol
may induce changes in the particle size- or morphology distri-
butions. This was not the case in the experiments reported
here and such changes were not observed or reported in the
literature, but it remains a theoretical possibility which needs
to be carefully controlled. A further practical aspect of the use
of glycerol for fractionation by centrifugation is the fact that
small amounts of glycerol are carried over after resuspension
of the fraction pellet into working medium (buffer) resulting in
the presence of glycerol in the final fractions (albeit in very low
concentrations, .e., 2.5% w/w). Conversely, for the prepara-
tion of FACS fractions no additives are necessary, which may
be an additional factor in choosing a fractionation method.
The dilution of the samples fractioned by FACS can be done
using any buffer, which in turn can be used as a sheath fluid in
the FACS instrument with the only caveats that the buffer
should not foam and needs to contain a sufficient amount of
1ons for charging and deflection.

Another major difference between both methods is the type
of physical stress that is applied to the particles during the
fractionation process. During centrifugation the samples ex-
perience centrifugal forces and perhaps shear stress, during
flow cytometry fractionation several different types of stress
are present. For example, in the flow cell a pressure of up to
70 pst (4.82 bar) is applied (depending on the nozzle size),
which could mmpact the sample in either way. It has been
reported that high pressure can be used to dissociate aggre-
gates and refold protein, however, the pressure used in that
study was significantly higher (2000 bar) (38) and therefore
such effect is likely irrelevant. In the flow cell of the flow
cytometer the particles pass through laser beams and the sur-
rounding liquid is repeatedly charged negative and positive
using electrical potential of (+/—) 40 to 80 V. After exiting
the flow cell, the particles pass through a small orifice and
return to atmospheric pressure, experiencing shear and
cavitational forces. Afterwards, the sample is accelerated to
20 m/s and passes through an electric field of 3 to 5 kV/cm
before hitting a liquid surface or a solid tube wall. There are
alternative cell sorters available that divert the particles me-
chanically or by an air stream instead of electrostatics, but
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these instruments have a maximal drop rate of 2 kHz and
therefore 10 fold slower than the instrumentation used in this
study. As a side note an instrument using air stream (Union
Biometrica, Inc.) for sorting is capable to sort particles up to
1500 pm as advertised by the manufacturer. In relation to the
physical stress it needs to be mentioned that the stability of the
particles to be fractionated (their ability to remain intact, z.e.,
irreversibility) is important. Although particle stability in
FACS sorting was shown for stir stress (31) as well as syringe
shear-cavitation stress (20), particles generated under different
conditions with other proteins might demonstrate different
stability behavior. For example, our experience with particles
of the same IgG used in this study produced by stir stress was
that they were not suitable to create fractions larger than 5 um
because these particles were fragile for this particular protein
and this particular stress condition.

All technical challenges of mechanical, electrical or chem-
ical nature mentioned above may have impact on the protein-
aceous particles. Depending on the further use of the gener-
ated fractions, (e.g., i vwo or in vitro biological assays) it might
be necessary to assess possible physico-chemical changes in-
duced by the separation process, particularly if the protein is
sensitive to the types of stress exerted during fractionation. In
such cases, additional investigations should be taken into con-
sideration. It is recommended to consider CE-SDS to check
degradation and covalent linkage, and RP-HPLC and peptide
mapping to check for modifications like oxidation or
deamidation of amino acid residues (39). Furthermore, it
may be relevant to assess potential changes in the secondary
and tertiary structure using spectroscopic techniques such as
circular dichroism (CD), Fourier transform infrared- (FTTR),
Fluorescence- or Raman spectroscopy. For the subsequent use
1n ¢n vivo or in vitro assays it may also be important to check the
endotoxin content. In principle both methods can produce
fractions that have low endotoxin content if the necessary
precautions are taken. A procedure to prepare a FACS for
endotoxin-free sorting has been published recently (31) and is
also available from some instrument manufacturers (e.g., BD:
prepare for aseptic sort). Finally, it should be pointed out that
irrespective of the separation method particle size-fractions
though enriched in size may still contain conformationally or
chemically heterogeneous populations.

CONCLUSION

Here we report a comprehensive evaluation and optimization
of the experimental parameters of two new methods for frac-
tionation of proteinaceous subvisible particles of sizes between
approximately 0.2 um and 100 pm: differential centrifugation
and FACS. Applying the optimized method parameters size-
fractions of proteinaceous subvisible particles were isolated
using both techniques and the methods’ attributes such as

size-range, resolution, fraction purity and yield were assessed.
It was found that both techniques present advantages and
disadvantages (see Table III for a summary) and will likely
find complementary use in the research practice. Further re-
search will focus on assessing immunogenicity in i vitro models
of various fractions of protein aggregates and particles.
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