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ABSTRACT
Purpose Sub-visible particles were shown to facilitate unwanted
immunogenicity of protein therapeutics. To understand the root
cause of this phenomenon, a comprehensive analysis of these
particles is required. We aimed at establishing a flow-cytometry-
based technology to analyze the amount, size distribution and
nature of sub-visible particles in protein solutions.
Methods We adjusted the settings of a BD FACS Canto II by
tuning the forward scatter and the side scatter detectors and by
using size calibration beads to facilitate the analysis of particles with
sizes below 1 μM. We applied a combination of Bis-ANS (4,4′-
dianilino-1,1′-binaphthyl-5,5′-disulfonic acid dipotassium salt) and
DCVJ (9-(2,2-dicyanovinyl)julolidine) to identify specific character-
istics of sub-visible particles.
Results The FACS technology allows the analysis of particles be-
tween 0.75 and 10 μm in size, requiring relatively small sample
volumes. Protein containing particles can be distinguished from
non-protein particles and cross-β-sheet structures contained in
protein particles can be identified.
Conclusions The FACS technology provides robust and repro-
ducible results with respect to number, size distribution and spe-
cific characteristics of sub-visible particles between 0.75 and
10 μm in size. Our data for number and size distribution of
particles is in good agreement with results obtained with the
state-of-the-art technology micro-flow imaging.
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ABBREVIATIONS
Aβ 1–40 Amyloid beta 1–40 peptide
Bis-ANS 4,4′-dianilino-1,1′-binaphthyl-5,5′-

disulfonic acid dipotassium salt
DCVJ 9-(2,2-dicyanovinyl)julolidine
DMSO Dimethyl sulfoxide
D-PBS Dulbecco’s Phosphate-Buffered

Saline
preparation Non-Prot Non-protein particles
preparation Prot Protein particles without cross-

ß-sheet structures
preparation Prot-Crossß Protein particles containing cross-

ß-sheet structures
rFVIII Recombinant human factor VIII
TEM Transmission Electron Microscopy
ThT Thioflavin T
WFI Water For Injection

INTRODUCTION

Since the introduction of recombinant technologies, an in-
creasing number of protein therapeutics have become avail-
able, providing new treatment options for a wide range of
diseases (1). Experience with protein therapeutics has shown
that many of them bear the risk of inducing unwanted im-
mune responses in patients which can be associated with se-
vere clinical consequences such as a reduction or loss of effi-
cacy, hypersensitivity reactions or neutralization of the natural
counterpart. Often, these events are infrequent and only be-
come recognized at a late stage during clinical development or
after marketing authorization (2). The most common event is
the development of anti-drug antibodies which can diminish
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drug efficacy, alter the pharmacokinetic profile of a drug,
cause hypersensitivity reactions or cross-react with an endog-
enous protein. The immunogenic potential of each protein
therapeutic is determined by a multiplicity of different factors,
which may be patient-, product- or treatment related (3–7).
Although research has added considerably to our understand-
ing of the essential determinants of the immunogenicity of
protein therapeutics, we are still not able to predict the likeli-
hood of a patient developing unwanted immune responses to
a particular protein therapeutic.

Recently, protein missfolding and aggregation were sug-
gested to facilitate the immunogenic potential of protein ther-
apeutics and negatively impact clinical performance (8–10).
Missfolding associated with aggregation of endogenous pro-
teins has previously been recognized as a serious problem
associated with a number of severe diseases (11). These dis-
eases are characterized by the occurrence of protein aggre-
gates with a highly ordered structure known as cross-spine or
cross-β sheet (12). The histology of the resulting insoluble pro-
tein aggregate deposits has been called amyloid (11). Maas
et al. demonstrated that a number of protein therapeutics con-
tain amyloid-like protein aggregates and proposed that these
aggregates determine the risk of protein therapeutics inducing
unwanted immunogenicity and toxicity (13). This proposal
has been supported by findings indicating that amyloid-like
protein aggregates can activate the innate immune system,
which could be an essential trigger of unwanted immunoge-
nicity (14, 15). However, there is a wide variety of soluble and
insoluble protein aggregates, ranging from 1 to 100 nm in size
for soluble aggregates and 0.1 to 100 μm for insoluble aggre-
gates (particles) (16). Sub-visible particles are defined as parti-
cles between 0.1 and 50 μm in size (17). A more thorough
understanding of the potential contribution of the different
types of aggregates to the risk of protein therapeutics inducing
unwanted immunogenicity is required.

Missfolding and aggregation are intrinsic propensities of
proteins when exposed to a number of stress factors which
may occur during the manufacturing process of protein ther-
apeutics. Exposure to air-water interface (18), pH changes,
light and temperature fluctuations, lyophilization (19), sonica-
tion (20), contact with packaging material (21) and sample
agitation (22) have been described as potential risk factors
for protein missfolding. Moreover, non-protein particles pres-
ent in protein therapeutics may provide nucleation sites and
facilitate protein aggregation (23–27). In addition, protein in-
teraction with silicone oil, which is widely used to prevent
protein fouling on surfaces and as lubricant, may promote
protein aggregation (28, 29). Therefore, manufacturers of
protein therapeutics are expected to develop protein formula-
tions that adequately minimize the impact of the various stress
factors on the native protein structure (8, 30). For this purpose,
suitable analytical tools are required to closely monitor and
characterize protein aggregates and non-protein particles.

Currently available analytical technologies such as nanoparti-
cle tracking analyses, flow microscopy, electrophoretic light
scattering, light obscuration, electrospray differential mobility
analyses and resonant mass measurement have provided im-
portant information. However, these technologies cannot si-
multaneously characterize the composition, structure, chem-
istry, amount and size of protein aggregates in a single sample.
Thus, there is a need for additional analytical tools which
facilitate both the detection of a wide size range of protein
aggregates and an assessment of their composition and struc-
tural properties. More than two decades ago, flow cytometry
was already used to analyze amyloid plaques (31), but it was
only recently that Mach et al. (32) and Ludwig et al. (33) intro-
duced flow cytometry as a suitable analytical tool to charac-
terize sub-visible particles. They provided evidence that flow
cytometry might be a promising technology for efficient mon-
itoring of sub-visible particles in therapeutic protein formula-
tions. Here, we describe a flow-cytometry-based approach
which facilitates the simultaneous analysis of amount, size dis-
tribution and nature of sub-visible particles in protein solu-
tions. We paid particular attention to the analysis of potential
cross-β-sheet structures because they were suggested to deter-
mine the risk of protein therapeutics inducing unwanted im-
munogenicity and toxicity (13). Furthermore, we present data
demonstrating the applicability of flow cytometry to assess the
interaction of proteins with silicone oil droplets without the
need for labeling the interaction partners.

MATERIALS & METHODS

Sample Preparation for Analysis of Sub-visible Particles

Non-Protein Particles: Silicone Oil Droplets (Preparation
Non-Prot)

Silicone oil droplets were prepared as described byMach et al.
(32). In brief, 10 ml Dulbecco’s PBS (D-PBS; Invitrogen
Corporation) were filled into a 30 ml BD Syringe Plastipak
(BD Bioscience) which contains special silicone lubrication to
facilitate smooth plunger moves. Silicone oil particles were
produced by vertically shaking the filled syringe manually
for 2 min.

Protein Particles Without Cross-ß-Sheet Structures: A Complex
Consisting of Biotinylated Bovine Serum Albumin and Avidin
(Preparation Prot)

Biotinylated bovine serum albumin (Biotin-BSA) and avidin
from egg white (both Sigma-Aldrich) were mixed together at
concentrations of 50 μg/ml Biotin-BSA and 12 μg/ml avidin.
The mixture was incubated at room temperature for 60 min.
The resulting Biotin-BSA-avidin complex was diluted 1:10
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with D-PBS and stored at ≤−60°C prior to analysis. The
absence of cross-β-sheet structures was confirmed using a
thioflavin T assay as described below in the section
“Thioflavin T (ThT) assay” (Fig. 1a). If not otherwise indicat-
ed, the final working concentration of preparation Prot was
5.4 μg/ml.

Protein Particles Containing Cross-ß-Sheet Structures: Aggregated
Amyloid Beta 1–40 Peptide (Preparation Prot-Crossß)

One milligram amyloid beta 1–40 peptide (Aβ 1–40; Bachem
AG) was dissolved in 115 μl water for injection (WFI; Pharma
Hameln) to obtain a final concentration of 2 mM. This solu-
tion was incubated at 2–8°C for 168 h. The resulting material

was diluted with WFI to a final concentration of 15 μg/ml,
aliquoted and stored at ≤−60°C prior to analysis. The pres-
ence of cross-β-sheet structures was confirmed using a ThT
assay and transmission electron microscopy as described be-
low in the sections “Thioflavin T (ThT) assay” and “Trans-
mission electron microscopy” (Fig. 1a, b). If not otherwise
indicated, the final working concentration of preparation
Prot-Crossß was 13.1 μg/ml.

Thioflavin T (ThT) Assay

ThT binding assays were done as described (34). A stock so-
lution of ThT (Sigma-Aldrich) was prepared at a concentra-
tion of 1 mM in D-PBS and stored at 4°C, protected from
light. For ThT fluorescence measurements, protein samples
were diluted with D-PBS to a final protein concentration of
10 μg/ml and mixed with the ThT stock solution to a final
concentration of 20 μM. Three replicates were analyzed for
each sample. The ThT fluorescence measurements were done
on a Synergy™ 4 Hybrid Microplate Reader (BioTeK) using
clear bottom, black, special optic plates (Corning Life Sci-
ences). The signals were recorded from the bottom of a mi-
crotiter plate, with the excitation set at 440±9 nm and the
emission set at 485±9 nm.

Transmission Electron Microscopy (TEM)

TEM micrographs were collected using a JEM-120B micro-
scope (JEOL) operating with an accelerating voltage of 80 kV.
Typical nominal magnifications ranged from 40,000 to 80,
000 X. Samples were deposited on formvar-coated 400-mesh
copper grids and negatively stained with 1% aqueous uranyl
acetate (Sigma-Aldrich).

Human Recombinant Factor VIII

The human recombinant factor VIII (rFVIII) was production
intermediate obtained from Baxter BioScience. It was dia-
lyzed against D-PBS containing calcium- and magnesium
chloride (Invitrogen Corporation) and stored at ≤−60°C prior
to analysis.

Comparison of MFI and FACS Technologies

Solutions of rFVIII (20 μg/ml) containing increasing amounts
of spiked silicone oil droplets were used.

Interaction Studies of Silicone Oil Droplets and Protein

A solution of rFVIII (73.4 μg/ml) in D-PBS was filtered
through a 0.22 μm pore filter (Merck Millipore) and subse-
quently mixed with D-PBS enriched with silicone oil droplets.
The mixture was prepared 10 min prior to analysis. The
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Fig. 1 Confirmation of cross-β-sheet structures by ThT assay and electron
microscopy (a) Protein samples “Preparation Prot-Crossß” and “Preparation
Prot”were mixed with ThTas described in the section Materials and Methods
and subsequently analyzed for fluorescence using a Synergy™ 4 Hybrid Mi-
croplate Reader. “Sample Buffer” was included as negative control. Three
replicates were analyzed for each sample. Results are presented as mean +
standard deviation. The high fluorescence signal for sample “Preparation Prot-
Crossß” indicates the presence of cross-β-sheet structures. (b) The morphol-
ogy of cross-β-sheet containing protein aggregates in sample “Preparation
Prot-Crossß” analyzed by transmission electron microscopy as described in
the section Materials and Methods.
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rFVIII concentration in the final solution was 20 μg/ml. Con-
trol samples were prepared by diluting the filtered rFVIII
solution and by diluting the D-PBS enriched with silicone oil
droplets with equal volumes of D-PBS.

Detection, Size Estimation, Characterization
and Quantification of Sub-visible Particles
by Flow-Cytometry

All samples were analyzed using a 3-laser (405, 488 and
630 nm) 8-color BD FACS Canto II flow cytometer (BD Bio-
science) which was calibrated on a weekly basis using CS&T
beads (BD Bioscience). A low and constant background signal,
essential for reproducibility and stable performance of the
analysis, was achieved by appropriate cleaning and equipment
preparation using BD FACS Clean and Rinse solutions (BD
Bioscience). The flow rate of the cytometer was set to the
lowest level (~10 μl/min) while acquiring and recording each
sample for 300 s.

Settings of the BD FACS Canto II Flow Cytometer

Thresholds on FSC and SSC were set to 250; PMT Voltages:
405 V for FSC and 210 V for SSC; PMT 530/30 (blue laser
488 nm): 360 V; PMT 450/50 (violet laser 405 nm): 380 V;
Window Extension: 7

Detection and Size Estimation of Sub-visible Particles

To verify the resolution capability of 0.75 μm particles, volt-
ages for forward scatter (FSC) and side scatter (SSC) as well as
the threshold levels for these channels were adjusted using
Fluoresbrite®YGCarboxylate Size Range beads (Polyscience
Inc.). The size of sub-visible particle was estimated by setting
different size ranges using beads with defined diameters of
0.75, 1, 2, 4.5, 6 and 10 μm. In most experiments, size ranges
were set between the peak maxima of each bead population in
a FSC histogram.

When the flow-cytometry-based technology was compared
with micro-flow imaging, the size ranges for the flow-
cytometry approach were set from each peak maxima up to
the right end of the scale. Size ranges were adjusted for each
experiment.

Characterizing the Nature of Sub-visible Particles

To distinguish protein from non-protein sub-visible particles,
samples were stained with the fluorescent dye 4,4′-dianilino-1,
1′-binaphthyl-5,5′-disulfonic acid dipotassium salt (Bis-ANS;
Sigma-Aldrich) which binds to hydrophobic patches
contained in proteins (35). Bis-ANS was excited with the violet
laser (405 nm). The emitted fluorescence which has a peak

maximum at 515 nm, was detected with a 450/50 band-
pass filter in the violet detector array.

Protein sub-visible particles were further characterized
using Bis-ANS in combination with the fluorescence dye
9-(2,2-Dicyanovinyl)julolidine (DCVJ; Sigma-Aldrich) which
binds to cross-β-sheet structures present in aggregated pro-
teins (35–37). DCVJ was excited with the violet laser
(405 nm) and the blue laser (488 nm). The emitted fluores-
cence which has a peak maximum at 480–505 nm (35), was
detected with a 530/30 band-pass filter in the blue octagon
detector array.

Bis-ANS was dissolved in WFI to a final concentration of
1 mM. DCVJ was dissolved in 73% DMSO/WFI to a final
concentration of 4 mM. Both dye stock solutions were covered
with aluminum foil and stored in the dark at +4–8°C. They
were stable for at least 3 months.

Quantification of Sub-visible Particles

CountBright™ Absolute Counting Beads (Invitrogen Corpo-
ration) were used to quantify particles. The bead solution was
prepared according to the manufacturer’s instructions and
added together with Bis-ANS (final concentration 20 μM)
and DCVJ (final concentration 25 μM) to each sample prior
to analysis.

Data Analysis

Data for each sample was stored as an FCS 3.0 file and sub-
sequently analyzed by FlowJo 10.0.6. (Tree Star Inc.) using
the following gating strategy [see Supplement Figure 1 for
further details]: CountBright™ Absolute Counting Beads
were gated using the 660/20 band-pass filter in the red detec-
tor array. Gating on protein sub-visible particles was done in
the Bis-ANS channel (violet detector array, 450/50 band-pass
filter) by acquiring a non-protein sub-visible particle control
(preparation Non-Prot) as a negative control reference. Pro-
tein sub-visible particles bearing a cross-β-sheet structure were
acquired in the DCVJ channel (blue detector array, 530/30
band-pass filter) using preparation Prot as a negative reference
control and preparation Prot-Crossß as a positive control for
cross-β-sheet structures.

Each sample was analyzed in 3 replicates. The average
concentrations of sub-visible particles for total sub-visible par-
ticles, non-protein sub-visible particles, protein containing
sub-visible particles and cross-ß-sheet containing protein
sub-visible particles were calculated taking the dilution factors
of the dyes and the CountBright™ Absolute Counting Beads
into account. If not otherwise indicated, the average concen-
tration of sub-visible particles refers to particles between 0.75
and 10 μm in size.
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Single Particle Detection Versus Swarm Detection

To verify that the flow-cytometry based technology detects
single particles rather than swarms of multiple particles, we
serially diluted preparation Prot-Crossß and analyzed total
particles, protein particles and cross-β-sheet-containing pro-
tein particles for each dilution step. We compared the total
particle concentrations obtained for each dilution step taking
the dilution factor into account.

Validation of the Flow-Cytometry-Based Technology

We evaluated the reliability and accuracy of the flow-
cytometry-based technology by assessing multiple properties
as suggested for this purpose by current regulatory guidelines
for bioanalytical method validation (38, 39). Assessed proper-
ties included potential carry-over effects of the dye or the
protein, specificity, precision, accuracy, dilution linearity and
relative sensitivity.

Except for carry-over effects and relative sensitivity, the
samples for validation of the technology were prepared as
described above in the section “Detection, size estimation,
characterization and quantification of sub-visible particles by
flow-cytometry”.

Assessing Potential Carry-Over Effects of Protein Particles
and Fluorescence Dyes

To assess potential carry-over effects of protein particles and
dyes, we analyzed preparation Prot-crossß with and without
washing the tubing system after analysis of each of three rep-
licates and compared the average concentrations of sub-visible
particles for total sub-visible particles, non-protein sub-visible
particles, protein containing sub-visible particles and cross-ß-
sheet containing protein sub-visible particles. To assess carry-
over effects of the dyes, we analyzed an unstained Prot-crossß
sample directly after the three replicates of the stained Prot-
crossß sample. The unstained Prot-crossß sample was not
stained with Bis-ANS or DCVJ, therefore, any fluorescence
staining would reflect a carry-over effect of the dyes which are
still present in the tubing system.

Assessing Specificity

The specificity of the technology was verified using positive
and negative controls for the dyes (preparations Non-Prot,
Prot, Prot-Crossß).

Assessing Precision

The precision of the technology was defined as inter- and
intra-assay variation. We analyzed preparation Prot-Crossß
in 6 independent experiments for inter-assay variation and

in 6 experiments run in parallel for intra-assay variation.
The coefficients of variation (CV %) for inter- and intra-
assay were calculated individually for total particles, for pro-
tein particles and for cross-β-sheet-containing protein
particles.

Assessing Accuracy

The accuracy of the method (in CV %) was calculated as
variability in the number of total sub-visible particles detected
for the different size ranges. For this purpose, the same sample
was analyzed 6 times on the same day.

Assessing Dilution Linearity

The linearity of the technology was assessed as described in
the section “Single particle detection versus swarm detection”.

Assessing the Relative Sensitivity

The relative sensitivity of the method was calculated as the
minimum concentration of particles which could be analyzed
with a maximum CV of 25%. For this purpose, beads of the
Fluoresbrite® YG Carboxylate Size Range Kit I & II were
serially diluted with D-PBS. These beads were not stained
with Bis-ANS or DCVJ but emitted light in the respective
fluorescence PMTs. Each dilution was analyzed ten times
and CVs% were calculated for each dilution step for the
PMTs detecting total sub-visible particles, non-protein sub-
visible particles, protein containing sub-visible particles and
cross-ß-sheet containing protein sub-visible particles.

Micro-Flow Imaging

Micro-flow imaging (MFI) was done using a DPA4200 Flow
Microscope (Brightwell Technologies). The pump speed was set
to 0.17 ml/min during sample measurement. The flow cell was
flushed with water before each analysis. Optimized illumination
of the background was done using product filtered through
0.22 μm pores. Baseline runs with WFI to verify and quantify
system cleanliness were done before the first and after the last
sample was measured. 800 μl of a sample was needed for each
sample run with an analyzed volume of approximately 450 μl.
During each sample run, images were stored for evaluation of
particles and for use of the electronic filter settings afterwards.
After analyses, particle concentrations were categorized according
to the particle sizes ≥1, ≥2, ≥5, ≥10, ≥25, ≥50 and ≥70 μm.

To compare state-of-the-art MIF technology and our flow
cytometry approach, we analyzed samples of rFVIII with or
without silicone oil droplets using both technologies. rFVIII
was freshly reconstituted before measurement. The silicone oil
droplets were generated as previously described, diluted to
two concentrations (non-Protα; non-Protβ) and mixed with
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rFVIII prior to analysis. We compared the concentration of
total sub-visible particles of different size ranges. For this pur-
pose, the size ranges of the flow-cytometry-based technology
were adapted to those covered by MFI, namely ≥ 1, ≥ 2, ≥ 5
and ≥ 10 μm. rFVIII without non-protein silicone particles
was included as a control. Samples to be analyzed by flow-
cytometry were prepared as described in section “Detection,
size estimation, characterization and quantification of sub-visible
particles by flow-cytometry”.

Statistical Analysis

The CV% expresses the assay variation as a percentage of the
mean and was calculated as follows: (standard deviation/
mean)∗100

The standard deviation was calculated using
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

X

x−xð Þ2
n−1ð Þ

v

u

u

t

where x is the sample mean (number1, number2,…) and n is
the sample size.

RESULTS

Detection, Size Estimation and Quantification
of Sub-visible Particles Using Flow-Cytometry

The BD FACS Canto II flow cytometer is usually set up to
analyze cells between 5 and 20 μm in size. We adjusted the
settings of the BD FACS Canto II to facilitate the analysis of
sub-visible particles with sizes below 1 μm. We achieved the
best signal to noise ratio by setting the thresholds of FSC and
SSC to 250 and by setting the voltages of these detectors to
405 V for FSC and 210 V for SSC. When we compared
Height and Area for the recording of FSC and SSC signals,
we did not see any difference in outcome which is why we used
Area for the rest of the studies. A representative example for
the appearance of sub-visible particles using these settings is
shown in Fig. 2a which reflects the analysis of a preparation of
aggregated Aß1-40 peptide (preparation Prot-Crossß). When

we used the same settings for the analysis of size calibration
beads, we could establish a reproducible working size range of
0.75 to 10 μm which is reflected in Fig. 2b. The average

�Fig. 2 Detection and size distribution of sub-visible particles. (a) Presented is
a representative example for a dot plot of Forward Scatter (FSC) versus Side
Scatter (SSC) using logarythmic scales. A sample of aggregated Aß1-40
peptide was generated and analyzed as described in the section Materials
and Methods. (b) A representative example is shown for the calibration of
the BD FACS Canto II using a mixture of size calibration beads with sizes of
0.75, 1, 2, 4.5, 6 and 10 μm. (c) Establishment of specific size ranges using the
peak maxima for each size as determined by the size calibration beads in the
FSC channel: 0.75-1 μm (α), 1–2 μm (β), 2–4.5 μm (γ), 4.5–6 μm (δ) and
6–10 μm (ε).
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concentrations of sub-visible particles refer to particles be-
tween 0.75 and 10 μm in size.

Next, we established more specific size ranges using the
peak maxima for each size as determined by the size calibra-
tion beads in the FSC channel, e.g. 0.75–1, 1–2, 2–4.5, 4.5–6
and 6–10 μm (Fig. 2c). When we applied these specific size
ranges to the analysis of preparation Prot-Crossß, we obtained
the following results for the size distribution of sub-visible par-
ticles in this preparation: 789,374 particles/ml with sizes be-
tween 0.75 and 1 μm; 246,767 particles/ml with sizes be-
tween 1 and 2 μm; 163,747 particles/ml with sizes be-
tween 2 and 4.5 μm; 20,970 particles/ml with sizes
between 4.5 and 6 μm and 10,284 particles/ml with
sizes between 6 and 10 μm.

Characterization of Sub-visible Particles

After establishing specific size ranges, we were interested to
differentiate particles containing protein from non-protein
particles and to identify cross-β-sheet structures in protein
containing particles. We tested different combinations of fluo-
rescent dyes which bind to specific structures in proteins to
find the optimum combination with respect to minimal spec-
tral overlap, absence of dye-induced artifacts and reproduc-
ibility of staining behavior. We selected an optimized combi-
nation of Bis-ANS and DCVJ. Bis-ANS binds to hydrophobic
patches on protein surfaces resulting in about 100-fold in-
crease in its fluorescence intensity (35). The results presented
in Fig. 3a–c reflect representative examples using Bis-ANS as
a protein stain. Presented are the analyses of silicone oil par-
ticles (preparation Non-Prot, Fig. 3a), of a complex containing
biotinylated BSA and avidin (preparation Prot, Fig. 3b) and of
aggregated Aß1-40 peptide (preparation Prot-Crossß,
Fig. 3c). While the protein-containing samples (preparations
Prot and Prot-Crossß) showed binding to Bis-ANS associated
with an increase in the fluorescence signal (Fig. 3b and c),
staining of silicone oil droplets (preparation Non-Prot) with
Bis-ANS did not cause an increase in the fluorescent signal
(Fig. 3a). In addition to silicone oil particles, we tested other
non-protein particles such as glass beads, polystyrene beads
and latex beads, which generated negative results similar to
those obtained with silicone oil particles.

DCVJ binds to cross-β-sheet structures in aggregated pro-
teins (35–37). Data presented in Fig. 3e–g reflect representa-
tive examples using DCVJ staining. Whereas preparation
Prot-Crossß (Fig. 3g) contained cross-ß sheets, preparations
Non-Prot (Fig. 3e) and Prot (Fig. 3f) did not contain cross-ß
sheets. The Prot-Crossß preparation bound DCVJ which was
associated with an increase in the fluorescence signal (Fig. 3g).
The preparations Non-Prot and Prot did not bind DCVJ
(Fig. 3e and f).

After establishing the suitability of Bis-ANS staining for the
differentiation of protein particles from non-protein particles

and the suitability of DCVJ staining for the staining of cross-ß
sheets in protein particles, we tested the combination of both
dyes. The results of these studies are shown in Fig. 3d and h,
presenting overlays of preparations Non-Prot, Prot and Prot-
Crossß. The results illustrate that the combination of Bis-ANS
and DCVJ is suitable to facilitate the differentiation of protein
particles from non-protein particles and the identification of
protein particles that contain cross-ß sheets.

Single Particle Detection Versus Swarm Detection

Using flow-cytometry, the analysis of individual particles with
a size below 1 μm can be challenging because it involves the
measurement of dim signals which are close to the detection
limit of the instrument. Recently, the phenomenon of swarm
detection was reported which describes the detection of sever-
al small particles at the same time resulting in an underesti-
mation of the absolute number of particles (40, 41). To verify
the capacity of the FACS technology to detect single particles,
we serially diluted a solution of aggregated Amyloid beta 1–40
peptide (preparation Prot-Crossß) and quantified the numbers
of total particles, protein containing particles without cross-β-
sheet structures and protein containing particles with cross-β-
sheet structures for each dilution step. Results presented in
Fig. 4 confirm the linearity of the FACS technology and indi-
cate a linear relationship between the protein concentration of
the analyte and the detected particle count for each of the
particle types analyzed. Moreover, the total concentrations
of particles were independent of the dilution factor. When
considering the total concentration of particles (0.75–10 μm)
calculated for each of the six dilution steps, we calculated a
mean of 2,235,748 particles /ml with a CV of 10.71% for
total particles; a mean of 2,142,220/ml with a CV of
14.95% for protein particles without cross- β-sheets and a
mean of 2,048,453 with a CV of 18.21% for cross-β-sheet-
containing protein particles. These results indicate that the
number of counted particles is independent of the dilution
factor which supports the detection of single particles rather
than swarms of small particles.

Validation of the Flow-Cytometry-Based Technology

To verify reproducibility and accuracy of the FACS technol-
ogy we validated it by assessing parameters suggested by cur-
rent regulatory guidelines for bioanalytical method validation
(38, 39).

Carry-over effects for both the dye and the protein particles
were observed when two samples were analyzed without a
washing step of the tubing system in between. Therefore, we
included a washing step after each sample acquisition using
BD FACS Rinse for 60 s at the highest flow rate.

The specificity of the technology was validated by assessing
a range of control preparations: preparation Non-Prot
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containing silicone oil particles, preparation Prot containing
protein particles without cross-ß sheets and preparation Prot-
Crossß containing protein particles with cross-ß sheets. Our
validation data indicate that Bis-ANS binds to protein parti-
cles (preparations Prot and Prot-Crossß) but not to non-
protein particles (preparation Non-Prot). Moreover, Bis-
ANS does not bind to glass beads, polystyrene beads or latex
beads. DCVJ only binds to preparation Prot-Crossß contain-
ing protein particles with cross-β sheets, but not to prepara-
tions Non-Prot or Prot (Fig. 3 and Supplement Figure 1).

The precision of the technology was validated as inter- and
intra-assay variation. We analyzed preparation Prot-Crossß
containing protein particles with cross-ß sheets in 6 indepen-
dent experiments for inter-assay variation and in 6 parallel
experimental runs for intra-assay variation. The coefficient
for inter- and the intra-assay variation (CV %) was calculated

for total particles, for protein-containing particles and for
cross-β-sheet-containing protein particles. The CVs for inter-
assay variation were 10.32% for total particles, 10.36% for
Bis-ANS positive protein particles and 16.32% for DCVJ pos-
itive cross-ß-sheet-containing particles (Supplement
Table 1A). The CVs for intra-assay variation were 3.92%
for total particles, 3.79% for Bis-ANS positive protein parti-
cles and 2.05% for DCVJ positive cross-ß-sheet-containing
particles (Supplement Table 1B).

The accuracy of the method (in CV%) was calculated as the
variability in the number of total particles detected in 1ml for the
different pre-defined size ranges. For this purpose, the
same sample was analyzed 6 times on the same day.
The CVs in the respective size ranges were 13.87%
for the size range 0.75–1 μm; 15.18% for the size range
1–2 μm; 19.67% for the size range 2–4.5 μm; 20.13%

Fig. 3 Characterizing the nature of sub-visible particles by staining with Bis-ANS and DCVJ. (a–c) Comparison of silicone oil particles (preparation Non-Prot)
with a complex of Biotinylated BSA and avidin (preparation Prot) and with a preparation of Aggregated amyloid beta 1–40 peptide (preparation Prot-Crossß) for
their binding to Bis-ANS, a fluorescent dye which specifically binds to hydrophobic patches in proteins. Binding of Bis-ANS to the preparations of protein particles
“Preparation Prot” and “Preparation Prot-Crossß” resulted in an increased Bis-ANS fluorescence intensity. In contrast, “PrepartionNon-Prot” containing silicone oil
particles did not bind to Bis-ANS. (e–g) Comparison of silicone oil particles (preparation Non-Prot) with a complex of Biotinylated BSA and avidin (preparation
Prot) and with a preparation of Aggregated amyloid beta 1–40 peptide (preparation Prot-Crossß) for their binding to DCVJ, a fluorescent dye which specifically
binds to cross-β-sheets contained in protein particles. Binding of DCVJ to “Preparation Prot-Crossß” resulted in an increased DCVJ fluorescence intensity. In
contrast, “Preparation Non-Prot” containing silicone oil particles and “Preparation Prot” containing protein particles without cross-β-sheets did not bind to DCVJ.
(d, h) Double-staining of silicone oil particles (preparation Non-Prot), a complex of Biotinylated BSA and avidin (preparation Prot) and a preparation of Aggregated
amyloid beta 1–40 peptide (preparation Prot-Crossß) with Bis-ANS and DCVJ. Presented are an overlay of fluorescence in the Bis-ANS channel (d) and an
overlay of fluorescence in the DCVJ channel (h) for all three preparations.
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for the size range 4.5–6 μm and 20.56% for the size
range 6–10 μm (Supplement Table 1C).

Based on the validation results, we conclude that all CVs%
for intra- and inter-assay variation as well as for accuracy met
the pre-defined acceptance criteria which were set to a max-
imum of 25%, which is in compliance with current regulatory
guidelines (38, 39).

The linearity of the technology was assessed by serially
diluting preparation Prot-Crossß and analyzing total particles,
protein particles and cross-β-sheet-containing protein particles
for each dilution step. Our results as presented in Fig. 4 indi-
cate a direct relation between the concentration of the analyte
and the particle count for each type of particle tested.

The relative sensitivity of the technology was defined as the
minimumnumber of particles in 1ml which can be reproducibly
detected by the flow cytometer when a maximum CV of 25% is
accepted. We serially diluted beads from the Fluoresbrite® YG
Carboxylate Size Range Kit I & II, measured each dilution step
10 times and calculated the CV% for each dilution step. The
lowest bead concentration which could be analyzed with a max-
imum CV of 25% was 1500 beads per ml.

In summary, the validation results confirm that the flow-
cytometry based technology for the analysis of sub-visible par-
ticles with a size range 0.75–10 μmmeets all requirements for
bioanalytical methods as suggested by current regulatory
guidelines (38, 39).

Comparative Analysis of Sub-visible Particles Using
Flow-Cytometry and State-of-the-Art Micro-Flow
Imaging

Next, we were interested to know how results obtained with
the flow-cytometry-based technology compare to results ob-
tained with the state-of-the-art technology micro-flow imag-
ing.We used a preparation of rFVIII mixed with two different
non-protein silicone particle preparations (preparation Non-
Protα and Non-Protβ, Fig. 5a and b) and analyzed the con-
centration of total sub-visible particles in different size ranges.
For this purpose, the size ranges of the flow-cytometry-based
technology were adapted to the size ranges covered by the
micro-flow imaging technology, namely ≥1, ≥2, ≥5 and
≥10 μm. The results obtained with the micro-flow imaging
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Fig. 4 Linear relationship between protein concentration and detected particle count in the analysis of a preparation of protein particles using flow-cytometry. A
preparation of aggregated Aß1-40 peptide (preparation Prot-Crossß), generated as described in the section Materials and Methods, was serially diluted. Each
dilution was stained with Bis-ANS and DCVJ and subsequently analyzed by flow cytometry for the concentration of total particles (a), protein particles (b) and
cross-β-sheet containing particles (c). Presented are protein concentration and the concentration of sub-visible particles in the size range of 0.75–10 μm. Each
dilution was analyzed in 3 replicates for the concentration of sub-visible particles, mean numbers are presented.
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technology (Fig. 5a) were in good agreement with those ob-
tained with the flow-cytometry-based technology (Fig. 5b).
Both technologies showed a concentration-dependent in-
crease in sub-visible particle count after adding non-protein
silicone oil particles to the preparation of rFVIII. While the
size distribution of sub-visible particles was similar for both

technologies, the flow-cytometry-based technology appeared
to bemore sensitive, counting higher absolute numbers of sub-
visible particles than the micro-flow imaging technology for all
size ranges (Fig. 5a and b).

Interaction Studies of Proteins with Silicone Oil
Droplets

Silicone oil is one of the most abundant sources of non-protein
sub-visible particles present in protein therapeutics (42).
Therefore, we were interested to know if the flow-cytometry-
based technology could be used to study interactions of pro-
teins with silicone oil droplets. We used rFVIII as a protein
source and D-PBS buffer enriched with silicone oil sub-visible
particles. The rFVIII solution, which was filtered through
0.22 μm pores, contained only very few sub-visible particles
(Fig. 6a). In contrast, the D-PBS sample enriched with silicone
oil particles contained a substantial number of sub-visible par-
ticles (Fig. 6b). We mixed the rFVIII solution with silicone oil
particles, incubated the mixture for 10 min and subsequently
analyzed it for sub-visible particles (0.75–10 μm). The results
of this analysis as presented in Fig. 6c and d indicate that the
incubation of the rFVIII solution with silicone oil particles
generated an increased number of protein-containing parti-
cles, as demonstrated by binding to Bis-ANS. At the same
time, the number of non-protein particles which did not bind
to Bis-ANS was substantially reduced, indicating that silicone
oil particles were covered with rFVIII and appeared as
protein-containing particles. Figure 6d shows an overlay of
Fig. 6b and c for better comparison.

Our results demonstrate that the FACS technology can
detect sub-visible particles with a non-protein core (e.g. sili-
cone oil) and a protein surface without the need for prior
labeling of either the protein or the silicon oil droplets.

DISCUSSION

Recently, sub-visible particles present in protein therapeutics
have received increasing attention because of their potential
contribution to the unwanted immunogenicity of protein ther-
apeutics (16). Although a couple of mechanisms have been
proposed, the root cause for the induction of unwanted im-
mune responses by sub-visible particles is not completely un-
derstood. The design of scientifically sound studies has been
complicated by the limited availability of technologies suitable
to quantify and characterize the wide variety of sub-visible
particles which can be present in protein solutions. Here, we
present a flow-cytometry-based technology which uses a com-
bination of forward and side scattering together with fluores-
cence staining of specific particle features to determine the
number, size distribution and specific characteristics of sub-
visible particles between 0.75 and 10 μm in size. Flow

Fig. 5 Comparison of flow-cytometry and micro-flow imaging for the anal-
ysis of sub-visible particles. A preparation of rFVIII was mixed with two differ-
ent non-protein silicone particle preparations (rFVIII+ non-Protα; rFVIII+
non-Protβ) as described in the section Materials and Methods and subse-
quently analyzed for the concentration of total sub-visible particles in different
size ranges. For this purpose, the size ranges of the flow-cytometry-based
technology were adapted to the size ranges covered by the micro-flow im-
aging technology, namely ≥1, ≥2, ≥5 and ≥10 μm. rFVIII without non-pro-
tein silicone particles was included as a control. Presented are the means of 3
replicates. The results obtained with the micro-flow imaging technology (a)
were in good agreement with those obtained with the flow-cytometry-based
technology (b). Both technologies showed a concentration-dependent in-
crease in sub-visible particle count after adding non-protein silicone oil particles
to the preparation of rFVIII.
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cytometry has only recently been introduced as a potential
technology platform for the analysis of sub-visible particles
present in solutions of therapeutic proteins (32, 33). Mach
et al. used SYPRO Orange dye, which binds to hydrophobic
surfaces of partially destabilized proteins, to preferentially
stain protein-containing particles and measure their numbers
in therapeutic preparations of monoclonal antibodies (32).
The authors used a Beckman-Coulter FC-500 flow cytometer
equipped with a 488-nm argon laser and combined the detec-
tion of SYPRO Orange fluorescence with forward and side
scattering. Thus, they were able to detect protein particles
with a size of ≥1 μm. Ludwig et al. applied flow cytometry
for the detection and characterization of sub-visible particles
in silicone-oil-contaminated protein formulations (33). They
used a BD FACS Calibur equipped with two lasers (488 and
635 nm) and combined the detection of two fluorescence dyes
(AlexaFluor 647 and BODIPY 493/503) with forward and
side scattering. Using proteins pre-labeled with Alexa Fluor
647 and silicone oil pre-stained with BODIPY 493/503, the

authors demonstrated that flow cytometry has the ability to
discriminate between homogenous protein aggregates and
heterogeneous particles made up of silicone oil and protein.
They estimated that they were able to analyze sub-visible par-
ticles with a size ≥1.8 μm. Nishi et al. described the use of flow
cytometry for the label-free detection of sub-visible aggregates
in liquid IgG1 antibody formulations prepared under differ-
ent stress conditions (43). The authors used a BD FACSCanto
II flow cytometer equipped with two lasers (488 and 633 nm),
quantified the particle counts by acquiring all samples for a
fixed time and compared their counts with results obtained
with MFI and with light obscuration. The authors concluded
that all three applied methods provided similar results for total
particle counts.

We further explored the suitability of flow cytometry for
the analysis of sub-visible particles by using this technology for
the simultaneous detection, quantification, size estimation and
characterization of sub-visible particles. For this purpose, we
optimized the settings of a 3-laser 8-color FACS Canto II flow

Fig. 6 Detection of particles with a non-protein core and a protein surface. Preparations of rFVIII (a), silicone oil particles (b) and mixtures of rFVIII and silicone oil
particles (c) were stained with Bis-ANS and subsequently analyzed for sub-visible particles by the flow-cytometry-based technology as described in the
section Materials and Methods. For comparison of the Bis-ANS fluorescence intensities of silicone oil particles (b) and the mixture of rFVIII with silicone oil
particles (c), an overlay of both graphs is presented in (d). Whereas the 0.22 μm filtered rFVIII preparation presented in (a) contained few sub-visible particles, the
preparation of silicone oil particles presented in (b) contained a substantial number of sub-visible particles which did not bind Bis-ANS. The mixture of rFVIII with
silicone oil particles generated sub-visible particles which bound to Bis-ANS (c, d). At the same time, particles which did not bind to Bis-ANS disappeared almost
completely indicating the generation of particles with a non-protein core and a protein surface (c, d).
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cytometer by tuning the forward scatter and the side scatter
detectors and by using size calibration beads to facilitate the
analysis of sub-visible particles with sizes below 1 μm. This
way, we could reproducibly detect and characterize particles
as small as 0.75 μm. This lower limit of detection for the
particle size might be further reduced to 0.1 μm by using
specialized flow cytometers with improved optics and an op-
timized detector design (44). Importantly, the particle size is
always an estimate because the refractive index of the particle,
which influences the size determination by flow cytometry
(45), is different for each particle and therefore unknown.
Moreover, the morphology of the particle influences size de-
termination. In contrast to amorphous particles, the detected
size for a particle with a needle-like structure depends on the
angle of the particle when it passes the interrogation point of
the flow cytometer. Taking both aspects into consideration, it
is important to emphasis that the presented flow-cytometry-
based technology facilitates comparative analysis of samples
containing the same protein. It should not be used to compare
samples containing completely different proteins.

We paid particular attention to the capacity of the FACS
technology to detect single particles rather than swarms of
small particles. Analyzing serial dilutions of particle solutions,
we generated data sets which support this capacity. However,
we are aware that protein aggregates are in a thermodynamic
equilibrium (46). They can change their morphology or return
to their monomeric structure upon dilution. The linear de-
crease of particle count and size distribution, in correlation
with the samples dilutions, demonstrated that the protein ag-
gregates remained intact and did not separate into their build-
ing blocks when diluted under our experimental set ups. It is
accepted, that protein aggregates, especially those containing
cross-β-sheet structures, are at local energetic minimum,
which facilitates the use of analytical tools for in vitro analysis
of these aggregates (46). To further minimize any potential
destabilizing effect of the analytical procedure on the stability
of protein aggregates, the analysis should preferentially be
done in the final protein formulation. The presented FACS
technology is well suited to analyze samples in the final protein
formulation. Flow cytometry data related to the size distribu-
tion of particles in protein solutions were in good agreement
with data generated with the state-of-the art technology
micro-flow imaging. However, the flow-cytometry-based
technology seemed to be more sensitive which was reflected
by counting higher absolute numbers of particles for each size
range.We believe that the use of fluorescent dyes may circum-
vent detection problems that are related to translucent pro-
teins (47, 48) which could be the reason for the higher sensi-
tivity of the flow-cytometry-based technology.

A major advantage of flow-cytometry-based technologies
for the analysis of sub-visible particles is the possibility to com-
bine forward and side scattering with fluorescence detection.
The BD FACS Canto II we used for our analysis is equipped

with 3 lasers (405, 488, and 630 nm) and offers the maximum
capacity of analyzing 8 different fluorescence colors on one
particle. This setting would allow a comprehensive assessment
of the major characteristics of each sub-visible particle provid-
ed that suitable fluorescence dyes which bind to specific struc-
tures of protein and non-protein particles become available.

When we initiated this study our major objective was to
combine a fluorescence dye which binds to proteins and an-
other dye which binds to cross-ß-sheet structures contained in
proteins. We tested several different combinations of dyes and
eventually chose Bis-ANS as a protein stain and DCVJ as a
stain for cross-β-sheet structures in proteins. Given our opti-
mized instrument settings for the BD FACS Canto II, the
combination of these two dyes showed the best performance
with respect to signal to noise ratio, reproducibility of staining
and minimal cross-talk of the dyes into other filters. Neverthe-
less, we could not completely prevent some limited cross-talk
between the two dyes. DCVJ fluorescence, the stain for
cross-β-sheet structures shows some cross-talk into the channel
for protein detection by Bis-ANS fluorescence. However, this
cross-talk should not generate any analytical problem because
all cross-β-sheet positive particles are protein particles.

Although we were able to differentiate all proteins included
in our study from non-protein particles, we are aware that the
binding of fluorescent dyes is influenced by the nature of the
protein and the nature of the protein aggregate. Therefore,
we would like to re-emphasize that the flow-cytometry-based
technology facilitates comparative analysis of samples contain-
ing the same protein. It should not be used to compare sam-
ples containing completely different proteins.

Using the flow-cytometry-based technology presented in
this manuscript, we could clearly distinguish between non-
protein particles such as silicone oil droplets and protein par-
ticles and could also study the interaction of proteins with
silicone droplets. For method development, we used artificial-
ly high concentrations of silicone oil droplets. However, we do
not consider these high concentrations to affect interactions
between proteins and silicone oil droplets. Silicone oil presents
one of the major sources for non-protein particles in formula-
tions of protein therapeutics, especially if the proteins are for-
mulated in prefilled glass syringes. These syringes are usually
lubricated with silicone oil, which is sprayed onto the interior
surfaces of the syringe during the syringe manufacturing pro-
cess, to allow for smooth plunger movement (49). Our data
indicate that proteins can attach to the surface of silicone oil
droplets creating particles with a non-protein core and a pro-
tein surface. These data confirm previous findings by Ludwig
et al. (33). Characterization of additional properties of proteins
coated on silicone oil droplets (e.g. presence of cross-ß-sheet
structure or of other structural characteristics) may provide
important additional information in the future.

In summary, we established a flow-cytometry-based tech-
nology for the analysis of sub-visible particles in protein
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formulations that facilitates the simultaneous analysis of size
distribution, number and specific features of particles with a
size range of 0.75–10 μm. The benefits of this technology are
the relatively short time required for the analysis of each sam-
ple and the relatively small amount of required sample
volume.
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