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ABSTRACT: Passage of specific protein solutions through
certain pumps, tubing, and/or filling nozzles can result in the
production of unwanted subvisible protein particles (SVPs). In
this work, surface-mediated SVP formation was investigated.
Specifically, the effects of different solid interface materials,
interfacial shear rates, and protein concentrations on SVP
formation were measured for the National Institute of
Standards and Technology monoclonal antibody (NISTmAb),
a reference IgG1 monoclonal antibody (mAb). A stainless steel
rotary piston pump was used to identify formulation and
process parameters that affect aggregation, and a flow cell
(alumina or stainless steel interface) was used to further
investigate the effect of different interface materials and/or
interfacial shear rates. SVP particles produced were monitored using flow microscopy or flow cytometry. Neutron reflectometry
and a quartz crystal microbalance with dissipation monitoring were used to characterize adsorption and properties of NISTmAb
at the stainless steel interface. Pump/shear cell experiments showed that the NISTmAb concentration and interface material had
a significant effect on SVP formation, while the effects of interfacial shear rate and passage number were less important. At the
higher NISTmAb concentrations, the adsorbed protein became structurally altered at the stainless steel interface. The primary
adsorbed layer remained largely undisturbed during flow, suggesting that SVP formation at high NISTmAb concentration was
caused by the disruption of patches and/or secondary interactions.

KEYWORDS: monoclonal antibody, protein adsorption, subvisible particles, solid−liquid interface, protein aggregation,
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■ INTRODUCTION

Throughout biomanufacturing and storage, therapeutic protein
solutions encounter many different interfaces (e.g., with air,
silicone oil, stainless steel, alumina, and/or borosilicate glass),
which can facilitate degradation pathways such as non-native
aggregation.1 Non-native aggregation (hereafter referred to as
aggregation) mechanisms initiated at the air−solution inter-
face2−5 and the silicone oil−solution interface6−9 have received
substantial attention and are often related to compression or
physical disruption of the interface. Protein often adsorbs to,
and concentrates at, these phase boundaries, which may result
in conformational changes and/or clustering of protein at the
interface. Interfacial stress (e.g., dilatational or planar
compression) may eject particles and/or their nuclei into
solution.2,4 Degradation pathways involving solid−liquid

interfaces10−13 have also been studied but remain poorly
understood. Such mechanisms, however, are important to
understand because solid interfaces that contact solution (e.g.,
borosilicate glass, alumina, stainless steel) are present after the
final filtration step during fill/finish (e.g., filling nozzle and drug
product container closure). Thus, aggregates produced by
mechanisms involving the solid−liquid interface remain in the
drug product.
Aggregates and subvisible particles (large aggregates with

dimensions between 1 and 100 μm) that form during fill/finish,
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storage, shipping, and/or administration could be injected into
patients. A commentary published in 2009 by Carpenter et al.
asserted that submicron and subvisible particles were
particularly important to monitor and control for safety and
efficacy reasons.14 Since this time, a number of studies have
been published that demonstrate that highly aggregated protein
products may enhance immunogenicity compared to native
protein products.15−18 These studies, however, also suggest that
(1) not all populations of subvisible protein particles (SVPs)
elicit or enhance immunogenicity and (2) the numbers of
subvisible particles required to elicit or enhance immunoge-
nicity is quite high (e.g., much greater than what is commonly
found in marketed products). Despite the uncertain link
between SVPs and immunogenicity, regulatory agencies such as
the U.S. Food and Drug Administration have increasingly been
requesting SVP data from biopharmaceutical companies as part
of the application process. Therefore, understanding protein
aggregation facilitated by solid−liquid interfaces is of interest to
better understand the effects of different control strategies on
mitigating such aggregation mechanisms.
Protein adsorption to solid interfaces may result in cluster

formation (reversibly or irreversibly associated protein) and/or
conformational perturbations.19−21 Langdon et al. showed that
cluster associations increased for bovine serum albumin on a
polyethylene glycol functionalized silica substrate with increas-
ing protein concentration.19 Protein clusters and/or partially
unfolded protein molecules are often susceptible to aggregate
growth and nucleation mechanisms in bulk solution.22−24

Presumably, such nucleation and growth mechanisms could
also occur at the solid interface; however, such mechanisms
have not been demonstrated or modeled at the interface. It is
also not well understood how additional factors such as flow
(shear at the interface) affect interface-mediated protein
aggregation and SVP formation.
In this work, the effect of monoclonal antibody (mAb)

concentration on mAb adsorption to stainless steel was
investigated. Additionally, the effect of flow (interfacial shear)
past mAb adsorbed to stainless steel on SVP formation was
elucidated for solutions of NISTmAb. To investigate the
physical properties of the adsorbed mAb including conforma-
tion, orientation, layer thickness, and viscoelasticity, we used a
combination of a quartz crystal microbalance with dissipation
monitoring and neutron reflectometry. The effects of different
interfaces and flows on particle formation were investigated
using an in-house shear cell and a stainless steel rotary piston
pump. Aggregates generated from the shear/pump studies were
characterized using size exclusion chromatography and particle
counting techniques. Interface material had a profound effect
on SVP formation for this mAb. Additionally, increasing the
mAb concentration, shear rate, and/or passage number (in a
rotary piston pump or flow cell) also increased the number of
SVPs in solution for certain interface materials, suggesting that
mAb adsorption at the solid−liquid interface and interfacial
shear may play critical roles in SVP formation during
biopharmaceutical fill/finish operations.

■ EXPERIMENTAL PROCEDURES
Materials. The NIST monoclonal antibody (NISTmAb), an

IgG1 mAb reference material, was provided frozen at −80 °C
by NIST at a concentration of 100 g/L in pH 6.0, 25 mmol/L
histidine buffer.25 L-histidine and L-histidine hydrochloride (J.T.
Baker Chemical Co., Phillipsburg, New Jersey) were used to
prepare additional pH 6.0, 25 mmol/L histidine buffer. The

stock solution of NISTmAb was diluted to concentrations of
(0.1, 10, 25, 50) g/L and sterile filtered. D2O (Cambridge
Isotope Laboratories Inc., Andover, Massachusetts) was used to
prepare pD 6.0, 25 mmol/L histidine buffer. NISTmAb was
exchanged into D2O buffer using 30 kDa NMWL Amicon
Ultra-15 centrifugal filter units (EMD Millipore Co, Billerica,
Massachusetts). The retentate was exchanged 3× and sterile
filtered. The concentration of mAb in the D2O exchanged and
diluted H2O solutions was measured using UV−vis absorbance
spectroscopy (ε280 nm

0.1% = 1.4 L·g−1 cm−1) and adjusted if
necessary. The 60% D2O buffer protein solutions were
prepared by mixing protein solutions prepared in D2O and
H2O.
Silicon wafers coated with stainless steel or alumina (layer ≈

15 nm thick) were prepared by the NanoFab group, part of the
Center for Nanoscale Science and Technology at NIST. The
316L stainless steel target was purchased from ACI alloys Inc.
(San Jose, California). The quality and reusability of the coated
wafers were checked using X-ray reflectivity (see the
Supporting Information).

Rotary Piston Pump Experiment. A 316L stainless steel
rotary piston pump (part # 46240456, Bausch & Ströbel,
Ilshofen, Germany) with an FSR1000 rotary piston pump
driver (Colanar Inc., Deep River, Connecticut) was used to
investigate the effect of NISTmAb concentration on SVP
formation during fill/finish unit operations. The pump was set
to dispense 1 mL per stroke and was operated at a rate of ∼30
strokes/min. A 25 mL sample reservoir was used to recirculate
NISTmAb solution through the pump until the total number of
strokes was equal to 1, 5, 10, or 20 passes on a volume-averaged
basis. Rotary piston pump experiments were performed for
NISTmAb concentrations of 10, 25, 50, and 100 g/L.

Flow Cytometry. A customized BD LSRII flow cytometer
(BD Biosciences, San Jose, California) with a 488 nm laser was
used to count SVPs generated during the rotary piston pump
study. SVP were counted using forward and side scattering
detectors with a minimal trigger threshold. Sample (150 μL)
was added to a 96-well plate, and 50 μL from each well was
mixed and injected at a flow rate of 0.5 μL/s. The instrument
was washed between samples to prevent carryover. Buffer
control experiments were performed to ensure instrument
cleanliness. Six measurements were performed for each pump
experiment. Uncertainties reported are one standard deviation
from the mean of the repeated measurements.

Neutron Reflectometry. The CGD-MAGIK off-specular
reflectometer at the NIST Center for Neutron Research
(NCNR) was used for neutron reflectometry experiments.26

Measurements were performed using the standard flow cell
configuration available at the NCNR.27 The flow cell was
assembled with a silicon wafer that had been sputter-coated
using a 316L stainless steel target. Figure 1A is a schematic
representation of the experimental neutron reflectometry
configuration using the flow cell. Specular reflection was
measured over a momentum transfer (Qz) range of 0.008−
0.250 Å−1 with most data points collected between (0.008 and
0.120) Å−1. Counting times for each data point were weighted
with respect to Qz (counting times were highest for high Qz
values). The total time to collect a single reflectivity curve was
approximately 6.5 h.
Experiments were sequentially performed using in situ

solvent exchanges with pure buffer, 0.1 g/L NISTmAb, 50 g/
L NISTmAb, and 100 g/L NISTmAb. Two isotopic contrasts
of 100% H2O buffer and 100% D2O buffer were used for the

Molecular Pharmaceutics Article

DOI: 10.1021/acs.molpharmaceut.7b01127
Mol. Pharmaceutics XXXX, XXX, XXX−XXX

B

http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.7b01127/suppl_file/mp7b01127_si_001.pdf
http://dx.doi.org/10.1021/acs.molpharmaceut.7b01127


specular reflection and background measurements of the
substrate. For the mAb solutions, 100% H2O buffer and a
60/40% mixture of D2O and H2O histidine buffers were used.
Data reduction was performed using Reductus software
(https://www.nist.gov/ncnr/reflectometry-software) devel-
oped at the NCNR.
The neutron reflectivity data was analyzed to obtain a 1D

scattering length density profile normal to the substrate surface.
Neutron reflectometry averages in planes orthogonal to this
direction. A slab model was used to parametrize the substrate to
account for the bulk silicon, silicon oxide, and stainless steel
layers.28 Parameters for the slab model were the neutron
scattering length density (nSLD) and thickness for each layer
and global roughness. A Hermite spline was used to
parametrize the adsorbed mAb layer(s) in terms of nSLD
and thickness.29 Experimental reflectivity data at both isotopic
contrasts were simultaneously fit using ga_ref l30 and ref l1D
software, using a Monte Carlo Markov chain-based global
optimizer that yields accurate confidence intervals on all fit
parameters.27

Quartz Crystal Microbalance. A Q-Sense E4 (Biolin
Scientific Holding AB., Stockholm, Sweden) was used to
perform up to four simultaneous quartz crystal microbalance
with dissipation monitoring (QCM-D) measurements.
QSoft401 v2.5.20.690 software (Biolin Scientific Holding
AB.) was used to monitor the fundamental resonant frequency
and dissipation factor of the quartz crystal. Frequency and
dissipation factor values were also monitored for the 3rd, 5th,
7th, 9th, 11th, and 13th overtones. Experiments were
performed using stainless steel (SS2343) or aluminum oxide
sensors purchased from Biolin Scientific Holding AB. SS2343
grade stainless steel sensor was used because the composition
of SS2343 is nearly identical to the composition of 316L grade
stainless steel.31

QCM-D experiments were performed as a series of
sequential steps: (1) a buffer baseline was measured, (2) a
mAb solution was introduced into the flow cell, and (3) the

flow cell was rinsed with buffer. Frequency and dissipation
factor values were established for the sensor in a dry flow cell.
The sample reservoir was changed to buffer, and the flow rate
was set to 50 μL/min. After ∼1 h of continuous buffer flow
through the flow cell, the experiment was started. After a ∼5
min acquisition time for the buffer baseline, the sample
reservoir was changed to a mAb solution. Upon observing a
change in frequency and waiting approximately 60 s, the flow
rate was decreased to 10 μL/min. Data for the mAb solution
was acquired for approximately 30 min or until the normalized
frequency shift changed by less than 1 Hz/10 min. After
sufficient data collection for the mAb solution, the sample
reservoir was changed to buffer and the flow rate was increased
to 500 μL/min. The flow cell was rinsed with buffer for at least
30 min. Experiments were performed with mAb concentrations
of 0.1, 10, 50, and 100 g/L for both the stainless steel and
alumina coated sensors.
The frequency and dissipation values for the quartz oscillator

will shift if there is a change in the density or viscosity of the
sensor environment (e.g., the solution). Kanazawa et al. have
shown this frequency shift to be

ρ η

πρ
Δ = −

μ
f n fn

1/2
o
3/2 liq liq

q q (1)

for a quartz disk initially exposed to a vacuum and then to a
viscous liquid.32 Here, Δf n is the frequency shift, n is the
overtone number, fo is the fundamental frequency, ρliq is the
density of the solution, ηliq is the viscosity of the solution, ρq is
the density of quartz (2650 kg/m3), and μq is the elastic
modulus of the stiffened quartz (2.947 × 1010 Pa).33 The
corresponding dissipation shift for the quartz oscillator is
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Figure 1. Neutron reflectivity measured in a flow cell with a stainless steel interface. (Left) Schematic representation of the flow cell and
experimental setup. The schematic depicts a collimated neutron beam and reflected neutrons for a single wave vector (Qz). Neutrons reflect from the
different interfaces in the system including the Si wafer/stainless steel, stainless steel/mAb, and mAb/solution interfaces. Interference between the
neutrons reflected from the different interfaces give rise to oscillations in the reflectivity. (Right) Reflectivity data for a flow cell with a stainless steel
interface that was filled with a 0.1 g/mL mAb solution. The circles are experimental data points for 0.1 g/L mAb in a 60/40% blend of D2O/H2O
buffers. The blue triangles are experimental data points for 0.1 g/L mAb in a H2O buffer. The red and orange traces are the best simultaneous fit of
the data. The fit provides structural information about the adsorbed mAb layer including the thickness and volume fraction.
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for a transition from a vacuum to a viscous Newtonian
fluid.34,35 For reference, these shifts in water at 23 °C are
−690n1/2 and 2.8 × 10−4n−1/2 for the frequency and dissipation
shifts, respectively.
If molecules adsorb to the surface of the sensor and the

solution environment stays constant, the frequency and
dissipation values for the sensor will shift based on the physical
properties of the adsorbed layer (e.g., thickness, viscosity, shear
modulus, and density). If the adsorbed layer is uniform, rigid
(i.e., dissipation is negligible), and small relative to the mass of
the sensor, the Sauerbrey equation

ρ
Δ = − Δf

nf

v
m

2
n

o
2

q q (3)

can be applied to relate a frequency shift to a change in mass on
the sensor.36 Here, vq is the shear wave velocity in quartz and
Δm is the mass added to the sensor.35 Rearranging eq 3, the
normalized frequency shift (Δf = Δf n/n) can be expressed as

Δ = Δf C m (4)

where = −
ρ

C
f

v

2 o
2

q q
= −17.7 cm2/ng·s. The Sauerbrey model can

be applied to QCM-D data when the dissipation factor is close
to 0 and the normalized frequency shifts overlap.35 Therefore,
we applied the Sauerbrey model to analyze data collected
during the buffer rinse step.
When the sensor is exposed to the antibody solution, the

response is more complex. This is because at a minimum both
adsorption and a change in solution viscosity occur. A two-layer
Voigt model, implemented in QTools 3 software (Biolin
Scientific Holding AB.), was used to analyze the data acquired
during the last 20 min of the mAb adsorption step. This model
was selected to account for the change in solution viscosity
(buffer to protein solution) and reversible layer formation.
Simpler models were not able to fit the data (e.g., Sauerbrey
and one-layer Voigt). For a detailed derivation and explanation
of the two-layer model, please refer to Voinova et al.37 The
solution viscosity was measured (see the Results section), and
the solution density, layer 1 (L1) density, and layer 2 (L2)
density were set as user-defined constants. The other
parameters (including thickness, viscosity, and shear modulus
for L1 and L2) were optimized by the software to achieve the
best possible simultaneous fit of the frequency and dissipation
shifts for the 3rd, 5th, 7th, 9th, 11th, and 13th overtones. Given
the large number of fit parameters, a number of parameter
combinations were possible to fit the data; therefore, we report
the best fit values (lowest χ2) and the range for each parameter
(with other parameters allowed to vary) for which χ2 is less
than double that of the best fit.
The complex modulus is G* = G′ + iG″ = G′ + iωη′, where

G′ is the storage modulus (also referred to as the shear
modulus), G″ is the loss modulus, ω is the angular frequency,
and η′ is the viscosity. The two-layer Voigt model provides G′
and η′ as output parameters. Using these values, we can
calculate tan(δ) to determine whether the layers exhibit solid-
like or liquid-like behavior

δ ωη= ′′
′

=
′
′

G
G G

tan( )
(5)

For calculations using eq 5, we used the third overtone (15
MHz) to calculate the angular frequency. When tan(δ) > 1, the
layer exhibits more liquid-like behavior, and when tan(δ) < 1,

the layer exhibits more solid-like behavior at the corresponding
ω.

Viscometry. An m-VROC viscometer (RheoSense, San
Ramon, California) was used to measure the viscosity as a
function of shear rate. Prior to measurement, the syringe and
chip were cleaned using a 1% bleach solution, isopropanol, and
water. The viscosity of the 0.1 and 10 g/L NISTmAb solutions
was measured using the “B” chip over a range of shear rates
from 7000 to 70 000 s−1. The viscosity of 50 and 100 g/L
NISTmAb solutions was measured using the “C” chip over the
same range of shear rates. A total of three experiments were
performed for each protein concentration.

Shearing Experiment to Investigate SVP Formation
during Flow. The neutron reflectivity flow cell was assembled
using either the alumina or stainless steel coated substrates
(Figure 1A). The cell was slowly filled with NISTmAb solution
and allowed to incubate at room temperature for 30 min.
During this time, the inlet and outlet ports were closed to
prevent exposure to air. A syringe filled with 1 mL of NISTmAb
solution was added to the sample inlet port, and an empty
syringe was added to the outlet port. Using the dual syringe
setup, the NISTmAb solution was sheared back and forth 3×
(one way) at a flow rate of 0.1, 2, or 120 mL/min through the
flow cell assembled with the stainless steel substrate with
minimal quiescent time (<10 s) between each passage.
NISTmAb solutions were also sheared back and forth 10×
(one way) at a flow rate of 120 mL/min through the flow cell
assembled with the alumina substrate and stainless steel
substrate. A total of three replicates were performed at each
condition with the flow cell cleaned between each replicate.
The stainless steel substrates were reused after cleaning because
the structure of the coating did not change after cleaning.
Alumina substrates, on the other hand, were not reused because
the structure of the coating changed after being cleaned with
detergent. Shearing experiments were performed using
NISTmAb concentrations of 0.1, 50, and 100 g/L.
Wall shear rates were calculated for pressure-driven flow

through a rectangular pipe

=g
Q

wh
6

2 (6)

where g is the wall shear rate, Q is the volumetric flow rate, w is
the channel width, and h is the channel height. Because the base
of the flow cell was circular, the value of w was approximated as
a chord across the circle based on the position in the flow cell.
Median wall shear rates are reported for each experiment: 20,
400, and 25 000 s−1. No visible air bubbles were observed in the
recovered sample.

Subvisible Particle Detection. A DPA 5200 Microflow
Imaging (MFI) system (Protein Simple, San Jose, California)
was used to count and size SVPs from 2 to 100 μm equivalent
circular diameter (ECD) in size produced during the shearing
experiments. Then, 200 μL of sample was used to purge the
MFI flow cell and 600 μL of sample was used for analysis.
Buffer and unstressed mAb controls were used to ensure
instrument and sample cleanliness (prior to shearing experi-
ments). To reduce undercounting caused by low contrast
between particles and the background solution, samples with
>10 g/L NISTmAb concentration were diluted to 10 g/L.38

The reported SVP counts were corrected by a dilution factor.
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■ RESULTS
Flow- and Interface-Mediated Subvisible Particle

Formation. A stainless steel rotary piston pump (SS-RPP)
produced SVPs depending on the mAb solution concentration.
At low mAb concentration (e.g., 10 g/L), there was a large
initial increase in the total SVP concentration after one pump
passage (Figure 2). Subsequent passages, however, did not have

much effect on the total SVP population (Figure S1).
Interestingly, increasing the mAb solution concentration caused
more SVP to be produced after the initial pump passage and
during subsequent passages. The amount of SVP produced

after the initial passage, however, was much greater than the
amount produced by any subsequent pump passage (Figures 2,
S1). Figure 2 demonstrates that the effect of mAb solution
concentration on pump-induced SVP formation was greatest
when increasing from low mAb solution concentrations (e.g.,
10 g/L) to intermediate concentrations (e.g., 50 g/L).
Increasing from an intermediate mAb solution concentration
(e.g., 50 g/L) to a high concentration (e.g., 100 g/L) did not
have a substantial effect because one pump passage produced
similar numbers of particles for both concentrations. Addition-
ally, subsequent pump passages produced similar numbers of
SVPs/passage (approximated using a linear fit) for the 50 and
100 g/L mAb solutions (Figure S1). The SS-RPP represents a
complex system with many different factors that could
contribute to SVP formation (e.g., grinding of piston against
wall, interfacial shear, cavitation, etc.). Therefore, a flow cell was
used for all further studies to specifically investigate the effect of
interfacial shear and different interface materials on SVP
formation for this mAb.
In the shearing flow cell, different solid interfaces were tested

so that all other process conditions could be compared
consistently. To test various hypotheses, 1-tailed t tests with a
0.10 significance level were performed for different concen-
trations (H1 = increasing concentration produces more
particles) and different interfaces (H1 = stainless steel interfaces
produce more SVPs than alumina interfaces). After 10 passages
at a flow rate of 120 mL/min (interfacial shear rate of 25 000
s−1), the number of particles produced in the flow cell with the
stainless steel interface was not significantly different from the
alumina interface for the 0.1 g/L mAb solution (Figure 3A). As
the mAb concentration was increased, the number of SVPs did
not increase much for solutions exposed to the alumina
interface and high shear. A linear function was used to
quantitatively estimate the effect of protein concentration
(ranging from 0.1 to 100 g/L) on SVP formation. The fit of
SVP formation after fast flow past the alumina interface (Figure

Figure 2. Concentration of subvisible particles detected after passage
of NISTmAb solutions through a stainless steel rotary piston pump.
The light red, dark red, light blue, and dark blue bars represent
NISTmAb solutions formulated at 10, 25, 50, and 100 g/L,
respectively. Uncertainties denote the standard error of the mean
calculated from six measurements of the pumped solution. SVPs were
counted using flow cytometry.

Figure 3. Concentration of subvisible particles detected after passage of NISTmAb solutions through a flow cell with different interface materials or
at different flow rates. The total concentration of SVP ≥ 2 μm in stressed and unstressed NISTmAb solutions was counted using MFI. Error bars
denote the standard deviation of three separate experiments. (A) Effect of alumina (red bar) and 316L stainless steel (dark gray bar) interfaces on
SVP formation during shear. SVPs were measured after 10× passes through a flow cell at 120 mL/min. Stressed particle numbers were compared to
an unstressed control (blue bar). The black diamond points of the dashed black line represent a linear increase in particle formation of 2472 × mAb
concentration + 28 000 particles. The black diamond points of the dashed red line represent a linear increase in particle formation of 477 × mAb
concentration + 28 000 particles. (B) Effect of different flow rates and number of passages through a flow cell with a 316L stainless steel interface on
SVP formation. SVPs were counted for samples recovered after 3× passes through the flow cell at 0.1 (orange bar), 2 (light gray bar), and 120 mL/
min (dark blue bar) flow rates. SVPs were also counted after 10× passes at 120 mL/min (black bar) and for an unstressed control (light blue bar).
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3A) demonstrated that there was no substantial difference
between the different concentrations (e.g, particles = 477 ×
protein concentration (g/L) + 28 000) tested. Despite the
small differences between the different concentrations, the
results were statistically significant. NISTmAb solutions
exposed to stainless steel and high shear, on the other hand,
produced substantially more SVPs as the concentration was
increased (Figure 3A). As before, a linear function was used to
quantitatively estimate the effect of protein concentration on
SVP formation. The linear fit of SVP formation after fast flow
past the stainless steel interface demonstrated that increasing
mAb concentration caused substantially more particles to be
produced (particles = 2472 × protein concentration + 28 000).
The distribution of SVP size did not appear to be impacted
notably by mAb concentration or interface material (Figure
S2). Differences in SVP numbers were statistically significant
between 0.1 and 50 or 100 g/L mAb solutions. Confidence
intervals (95%) for the slope of SVP concentration vs mAb
concentration fits for stainless steel and alumina interfaces can
be found in Figure S3. These results demonstrate that a
substantial portion of SVPs produced during shear are
mediated by interactions with the solid interface because the

stainless steel interface caused more SVP formation than the
alumina interface as a function of mAb concentration.
To further investigate the effects of alumina vs stainless steel

interfaces on SVP formation, several experiments were
performed to determine whether these interfaces produce
small, soluble mAb aggregates or shed interface material into
solution (e.g., stainless steel particles). Size exclusion
chromatography (SEC) was used to assess whether small
aggregates were present in solution, and X-ray reflectivity was
used to assess whether the interfaces remained stable (e.g., did
not shed stainless steel particles, etc.). Comparing stressed
samples with unstressed controls, the SEC results show no
difference in the respective levels of soluble aggregates (dimers,
trimers, etc.) for the 50 and 100 g/L NISTmAb produced at 20,
400, and 25 000 s−1 (Figure S4). X-ray reflectivity was
performed on a stainless steel substrate that had been cleaned
with detergent after a set of shearing experiments (Figure S5).
The best fit of the data shows that the thickness of the stainless
steel remained unchanged and that the density/surface
roughness of the surface remained comparable to the original
structure. Therefore, NISTmAb adsorption and interfacial shear
did not damage the solid interface through the shedding of nm
to μm sized particles.

Figure 4. Normalized frequency and dissipation shifts measured using a quartz crystal microbalance with dissipation monitoring. QCM-D data
acquired as a three-step experiment involving (1) flow of buffer to establish a baseline, (2) flow of mAb solution to monitor adsorption, and (3) fast
flow of buffer as a rinsing step. Transitions between steps are marked using bold dashed vertical lines. The lighter dotted vertical lines in panels (C)
and (D) mark the sharp rise in dissipation associated with a second stage of adsorption, which occurs at high protein concentration. The light orange,
orange, red, and dark red traces represent the 13th, 11th, 9th, and 7th overtones of the fundamental dissipation shift, respectively. The blue colors
represent the 13th (lightest blue), 11th (light blue), 9th (dark blue), and 7th (darkest blue) overtones of the fundamental frequency shift.
Experiments were performed using a stainless steel sensor and (A) 0.1, (B) 10, (C) 50, and (D) 100 g/L mAb solutions.
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Different flow rates were used in the shearing flow cell,
equipped with the stainless steel interface, to elucidate the
effect of interfacial shear on SVP formation. Flow rates of 0.1,
2.0, and 120 mL/min (Figure 3B) corresponding to median
interfacial shear rates of 20, 400, and 25 000 s−1 were used for
these studies, respectively. As before, a 1-tailed t test with a 0.10
significance level was performed to test whether SVP
populations were statistically different (H1 = faster/longer
flows produce more particles). In general, differences in SVP
populations were not significant for the different flow rate
experiments when the passage number was held constant at 3×
(the exceptions being between 20 s−1 and 25 000 s−1 at 0.1 and
50 g/L NISTmAb, respectively. Additionally, differences in SVP
numbers produced after 3× and 10× passages at 120 mL/min
were not significant except at 0.1 g/L mAb with p = 0.066. No
significant differences were observed in the SVP size
distribution as a function of shear rate (Figure S6). These
results suggest that while interfacial shear rate affects SVP
formation it is not as important as the other variables
investigated (e.g., mAb concentration and solid interface
material) for the conditions tested in this study. As there was
no significant impact across several orders of magnitude for
interfacial shear rate, further intermediate points were not
investigated.
Interface Properties and mAb Adsorption. The

adsorption process was monitored dynamically by QCM-D
(Figure 4) for mAb concentrations ranging from 0.1 to 100 g/
L, using a stainless steel sensor to better understand how
solution concentration affects interface-mediated SVP forma-
tion. A number of features are apparent in light of the various
limits and conditions discussed in the Experimental Procedures
section. First, at low concentration (0.1 g/L mAb), dissipation
is minimal (<5 × 10−7) and the normalized frequency shift, Δf,
overlaps for all of the different overtones. These features are
within the Sauerbrey limit, which means that the adsorbed mAb
layer is weakly coupled to the environment and therefore
should be considered thin and rigid. At high concentration,
adsorption occurred in a two-stage process. The first, rapid step
appeared to be similar to the adsorption at low concentration:
Δf was approximately −30 Hz and ΔD was <5 × 10−7 (Figure
4C,D). The second, subsequent adsorption step coincided with
a dramatic rise in dissipation. In this step, there was a further
decrease in Δf and overtone spreading was observed. Overtone
spreading is expected whenever dissipation occurs (e.g.,

substantial solution viscosity or layer viscoelasticity). Finally, a
small, transient peak followed by a dip in ΔD (and similarly Δf)
was observed during the second stage, especially at
intermediate concentrations (Figure 4C). This feature,
predicted by Voinova et al.,37 occurs when a viscoelastic layer
grows while in contact with a viscous liquid. The structure and
properties at high concentration are therefore considerably
different.
Voinova’s37 two-layer Voigt model was selected to model

adsorption and clustering interactions while the cell was filled
with mAb solution because of the complexity of the high mAb
concentration data, as described above. We denote the two
layers as primary (L1, adjacent to the substrate) and secondary
(L2, residing on L1 and forming only during the second stage
of adsorption). At appropriate limits, this model conforms to
either the Sauerbrey limit or the viscous medium limit (see
methods section). At moderate to high mAb concentrations
(≥10 g/L mAb), dissipation and overtone spreading was
observed for the Δf and ΔD signals, as noted above. To
accurately account for the effect of solution viscosity on the
QCM-D signals, the solution viscosity parameter in the Voigt
model was set to the experimentally measured bulk solution
viscosity. Solution viscosity was measured as a function of shear
rate in the absence of any air−solution interface (similar to the
QCM-D flow cell). The measured viscosity was Newtonian
over the measured shear rates from ∼7000 to 70 000 s−1

(Figure 5A). The Newtonian viscosity at 0.1, 10, 50, and 100 g/
L mAb was 0.95, 1.05, 1.40, and 2.35 mPa s, respectively
(Figure 5B). A single-layer model, which accounted for changes
in solution viscosity, was unable to properly fit the data at
moderate to high mAb concentrations of ≥10 g/L. In all cases,
the two-layer model could adequately model the data. Solution
density values for the 0.1, 10, 50, and 100 g/L mAb solutions
were set to 1.000, 1.003, 1.015, and 1.030 g/mL, respectively,
based on calculations using a mAb density of 1.42 g/cm3 and a
buffer density of 1.00 g/mL.39 In rough accord with neutron
reflectivity results presented below, the density of L1 was set to
1.126 g/mL (corresponding to 30% mAb volume fraction) and
that of L2 was set to equal the solution density. These densities
approximate a dense layer and a very loose layer, respectively.
The resulting fit achieved low χ2 values, and output values for
the shear modulus of the primary L1 layer were of similar
magnitude to a published value of ∼10 MPa for a another
protein.40 The parameters obtained from this model (e.g., shear

Figure 5. Viscosity of NISTmAb solutions. (A) Viscosity plotted as a function of shear rate. (B) Newtonian viscosity plotted as a function of
NISTmAb concentration. Error bars, representing the standard deviation of three separate experiments, are smaller than the symbols representing
the data points.
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modulus, layer thickness, and layer viscosity) were used to
calculate the viscoelastic ratio, tan(δ), and the mass of protein
contained within each layer to better compare the physical
properties near the stainless steel interface for the different
mAb solution concentrations.
The physical properties of the adsorbed primary layer, e.g.,

thickness and viscoelasticity, were sensitive to mAb concen-
tration as determined by the two-layer Voigt model (Figure
6A). At 0.1 and 10 g/L mAb, the thickness of the primary layer,
adsorbed to stainless steel, was ∼5 nm under both solution
conditions (Figure 6A). At 50 and 100 g/L, however, the

modeled thickness of the primary layer increased slightly to ∼6
and 8 nm, respectively. Protein mass was calculated by
assuming that the primary layer was composed of 30% protein.
The range of mass for the primary layer was ∼210 to 340 ng/
cm2. Additionally, the total layer mass (not shown), calculated
using a layer density of 1.126 g/mL, was in good agreement
with Sauerbrey model results (see below). The change in the
viscoelasticity of the primary layer correlated with the mAb
concentration. Specifically, the tan(δ) value decreased from
∼0.6 at 0.1 g/L mAb to <0.01 at 100 g/L mAb (Figure 6C).
These results demonstrate that the primary layer became
slightly thicker and increasingly more solid-like as the mAb
solution concentration was increased.
The diffuse, liquid-like secondary (L2) layer also changed

substantially as the mAb concentration was increased (Figure
6B). At 0.1 g/L, the modeled thickness of the secondary layer
was negligible (thickness≪ 1 nm), which is the one-layer Voigt
model limit. The mass of protein in the secondary layer was
also calculated to be ≪1 ng/cm2. Increasing the mAb
concentration from 10 to 50 and 100 g/L mAb increased the
modeled L2 thickness from 8 to approximately 168 and 266
nm, respectively. The corresponding masses of protein within
the layer were approximately 4.0, 588, and 1862 ng/cm2 for the
10, 50, and 100 g/L mAb solutions, respectively. Although the
thickness of and mass of protein in the secondary layer were
quite large, the values for L2 tan(δ) demonstrate that the
secondary layer behaves as a liquid for all of the mAb
concentrations investigated. At 0.1 g/L, tan(δ) was ≫1000,
showing again that the two-layer model had reduced the values
of L2 to describe a one-layer limit. As the mAb concentration
was increased, the modeled tan(δ) values ranged from 2.8 to
16, suggesting that the secondary layer was primarily liquid-like
with some elastic behavior. Thus, a substantial fraction of the
protein within the layer behaved as if it were within bulk
solution. Furthermore, the calculated mass results demonstrate
that while the secondary layer was calculated to be much
thicker than the primary layer (>30× at 100 g/L) the mass of
mAb contained in the secondary layer was much more
comparable to the primary layer (∼6× more mass in the
secondary layer than the primary layer).
To determine the amount of mass adsorbed to the stainless

steel sensor during buffer rinsing, the Sauerbrey model for rigid
films was applied to the QCM-D data because the measured
dissipation was negligible. There was little difference observed
between the adsorbed mass for experiments performed at 0.1
and 10 g/L mAb (Figure 7). At 0.1 g/L, ∼530 ng/cm2 of mAb
and trapped water was adsorbed to the sensor upon rinsing.
This mass did not decrease over the 15 min buffer rinse
interval. At 10 g/L, the adsorbed mass was initially ∼580 ng/
cm2. This mass, on the other hand, decreased slightly in the first
2.5 min but remained constant after ∼5 min at a value of ∼520
ng/cm2. For experiments performed at higher concentrations of
50 and 100 g/L, more mass was observed to be adsorbed to the
stainless steel at the onset and conclusion of the rinsing step.
Additionally, desorption was clear during the rinsing step. The
initial masses for the adsorbed layers produced at 50 and 100 g/
L were approximately 900 and 820 ng/cm2, respectively, as the
mAb solution was exchanged with buffer. For the layer
produced at 50 g/L, slight desorption was observed for the
first ∼5 min and the mass decreased to ∼760 ng/cm2. More
rapid desorption was observed with rinsing for the adsorbed
layer produced at 100 g/L. Desorption occurred over the first
∼5 min of rinsing for the 100 g/L mAb solution, and the final

Figure 6. Physical properties of the adsorbed mAb layer and the
neighboring environment determined using a two-layer Voigt
viscoelastic model to fit the QCM-D data during mAb flow. (A,B)
Thickness and mass of the primary layer and secondary layer,
respectively. The mass of protein in layer 1 was calculated assuming
that 30% of the layer was composed of mAb, and the mass of protein
in layer 2 was calculated using protein fractions of 0.1, 0.7, 3.5, and
7.0% based on the solution densities for the 0.1, 10, 50, and 100 g/L
mAb solutions, respectively. (C) Comparing the tan(δ) values for the
primary and secondary layers as a function of mAb solution
concentration. Error bars represent the parameter range where χ2 is
less than double that of the best fit.
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mass of the layer was ∼790 ng/cm2 after 15 min. The amount
of mass adsorbed to the stainless steel sensor correlated well
with the SVP data described above: at low concentration (e.g.,
0.1 and 10 g/L mAb), the amount of adsorbed mass was
substantially lower than that at high concentration (e.g., 50 and
100 g/L mAb). These relationships will be explored in detail in
the discussion section.
As QCM-D identified that adsorption involves a primary

layer (with negligible dissipation) and a secondary layer at high
concentration (with substantial dissipation), we now turn to
neutron reflectometry to investigate the structure of these
layers. The dimensions of this mAb for the static homology
structure were approximately 6.6, 13, and 16 nm, with the
longest dimension representing the distance between the Fab
and Fc. At a 0.1 g/L mAb solution concentration, a simple, ∼6
nm thick layer was observed (Figure 8A). The thickness and
nSLD profile of the layer was like a monolayer of mAb
molecules oriented flat at the interface (both Fab regions and
the Fc region contacting the surface on one side). The surface
coverage (area occupied) for this layer, however, was well
below the surface coverage of a densely packed, native
monolayer. At a 50 g/L mAb solution concentration, the
volume fraction and structure of the adsorbed layer changed
noticeably, with the % area occupied substantially increasing
near the stainless steel interface (Figure 8B). As a result, the
structure of the adsorbed mAb was no longer comparable to the
modeled native mAb monolayer (Figure 8B). Interestingly, the
thickness remained ∼6 nm, which suggests that the
conformation of the adsorbed mAb changed rather than the
molecules adopting a new orientation such as standing upright
(e.g., with the variable domain of both Fab regions in contact
with the interface). At 100 g/L mAb, the resulting structure and
thickness of the adsorbed mAb layer were like the layer formed
at a 50 g/L bulk mAb solution concentration. The structure of
the primary layer was therefore found to vary with mAb
solution concentration. Neutron reflectivity results do not
clearly demonstrate the presence of a secondary layer. As the
volume fraction of bulk protein solution is approximately 3.5
and 7% at 50 and 100 g/L, respectively, results indicate that the
volume fraction of the secondary layer must be like the volume

fraction of the mAb solution. If the volume fraction of the
secondary layer was only a few percent more than the solution
concentration and the secondary layer was very thick (e.g.,
>100 nm), it would be challenging to capture through neutron
reflectivity because of weak contrast and high uncertainty at
high Qz values.

Figure 7. Remaining mass adsorbed to the stainless steel QCM-D
sensor during the buffer rinse step calculated using the Sauerbrey
model. The dark gray, light gray, dark blue, and light blue points
represent the adsorbed mAb layers formed by the 100, 50, 10, and 0.1
g/L mAb solutions, respectively. Error bars are not provided because
results are a direct calculation. Note that the total layer mass
corresponds to roughly about 200−350 ng/cm2 mass of protein.

Figure 8. Structure of adsorbed mAb determined through modeling of
neutron reflectivity data. The thick red trace represents the structure of
the adsorbed mAb, and the thin, dashed red traces represent the 68%
confidence interval for the fit. The black trace represents a theoretical
profile for a densely packed monolayer where the mAb is oriented flat
at the interface, the orange trace represents the stainless steel surface
(gradual transition from solid to liquid arises due to surface roughness
of the stainless steel), and the green trace is the calculated surface
contamination. The bulk solution mAb concentrations are (A) 0.1, (B)
50, and (C) 100 g/L.
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■ DISCUSSION

SVP formation mechanisms mediated by solid−liquid interfaces
can pose a challenge to the successful development of a
therapeutic protein drug because interfaces such as stainless
steel, glass, and/or plastics are present after the final filtration
step during fill/finish. Several studies have demonstrated that
solid−liquid interfaces may facilitate protein particle formation
through desorption13 or through shear/abrasion of protein
adsorbed to solid surfaces.41 In this work, the results of the
previous studies are built upon by determining the structure of
mAb adsorbed at the solid−liquid interface, modeling the
viscoelastic properties of mAb near the interface, and by
investigating the effect of flow (shear) and different interfaces
(stainless steel and alumina) on SVP formation.
Particle formation observed in this study was primarily

mediated by the solid−liquid interface. The evidence presented
in this study suggests that shear disrupts protein adsorbed to
the solid interface because (1) there was no air−water interface
in the flow cell, (2) the flow cell with stainless steel produced
more SVPs than the same flow cell with an alumina interface at
the exact same shear rate (Figure 3A), (3) SVP formation was
linear with concentration; the slope was much greater for the
stainless steel interface than for the alumina interface, and (4)
SVP formation was not substantially affected by flow rate
(Figure 3B). In general, flow during biopharmaceutical
manufacturing is not enough to cause protein aggregation on
its own. For example, Bee et al. used a capillary rheometer to
shear an IgG1 mAb solution at a rate of 250 000 s−1 and found
that no aggregates were produced.42 On the other hand, when a
rotational rheometer was used to shear the mAb solution at
20 000 s−1, detectable levels of protein aggregates were
observed. Such differences can likely be attributed to the
different interfaces present in each rheometer (e.g., protein can
adsorb to an air−water interface in the rotational rheometer).43

Previous studies hypothesize that stainless steel particles,
shed from pumps, act as a heterogeneous nucleation site for
particle formation.44 In this work, however, the stainless steel
interface (in the flow cell) was not damaged (e.g., did not shed
nanometer sized particles) throughout the experiment (Figure
S5). SVP formation mediated at the solid−liquid interface
could be one explanation for why SVPs often contain metal
fragments/ions. For example, Wuchner et al. found that SVPs
of a mAb contained trace amounts of silicon and aluminum and
proposed that such elemental impurities were from the
packaging materials.45 Whether aggregates grew to SVPs at
the interface or in bulk solution, however, remains unknown
because particle detection was downstream and not in situ at
the surface. The data in this study suggest that a substantial
number of the SVPs that formed in the SS-RPP were caused by
interfacial shear disrupting mAb adsorbed at the stainless steel
interface. It is important to note that the SS-RPP represents a
sufficiently complex system and SVP formation could also have
been induced by many other factors such as shedding of
stainless steel, cavitation, grinding of the piston, etc.
Investigating all potential SVP formation mechanisms in the
SS-RPP was beyond the intended scope of this article.
As stainless steel was demonstrated to mediate SVP

formation as a function of mAb concentration, it was important
to demonstrate how bulk solution mAb concentration affected
the properties of mAb adsorbed to the solid−liquid interface.
At bulk solution mAb concentrations ≥ 50 g/L, a two-stage
adsorption process was observed and attributed to multiple

adsorption layers. Initially, the mass of the primary layer at high
concentration is comparable to the total mass adsorbed at low
concentration. Over time, however, the primary layer continues
to accumulate mass and becomes increasingly more rigid at
bulk mAb solution concentrations ≥ 50 g/L. Simultaneously,
the secondary layer forms over the primary layer with a
thickness depending on the mAb solution concentration.
Interestingly, the secondary layer remains liquid-like, suggesting
that increased viscoelastic interactions at the solid−liquid
interface (observed by QCM-D) can be attributed to increased
protein−protein interactions. Shear modulus values acquired
from QCM-D have previously been attributed to increased
protein−protein interactions.33,46,47 It is not clear whether
interactions at the interface are enhanced above that in bulk
solution. Measurements of linear viscoelastic moduli at high
frequency in bulk solution, e.g., by diffusing wave spectroscopy,
could be helpful to answer this question.
To obtain a better mechanistic understanding of subvisible

particle formation at the solid−liquid interface, we now
consider the mass of SVPs formed vs protein mass adsorbed
at the solid−liquid interface. Unsurprisingly, adsorbed protein
layers contained substantially more protein than the mass of
protein calculated for the SVPs. In fact, only 1.4 ng/cm2 of
adsorbed protein would need to be shed to produce 20 000
spherical particles with a 2.5 μm diameter. This calculation was
performed by assuming spherical SVP geometry (which
substantially overestimates particle volume) and an internal
particle volume fraction of 20% protein.48 SVP populations of
10 000, 20 000, and 100 000 with a 2.5 μm diameter would
have an approximate mass of 23, 46, and 230 ng, respectively.
These numbers can be divided by the area of stainless steel in
the flow cell (33 cm2) to determine the mass of protein/area
required to shed to produce X number of particles.
Furthermore, it is also possible that some fraction of the
SVPs produced during the shear cell experiments were shed
from other solid interfaces present in the cell because the total
number of particles formed in the flow cell represents the sum
of particles shed from the primary interface (e.g., stainless steel
or alumina) and from secondary interfaces (e.g., tubing, gasket,
or connectors). However, the differences in SVP formation
between the alumina and stainless steel demonstrate that the
primary interface material had a substantial effect on this
pathway compared to secondary interfaces (the largest
secondary surface was a Si/SiOx wafer, which also had a
surface area of 33 cm2).
Specific comparisons are now used to further elucidate the

relationship between desorption and SVP formation. The total
mass adsorbed to the stainless steel QCM-D sensor at 0.1 g/L
mAb was ∼520 ng/cm2 throughout the rinsing step. In the flow
cell, ∼28 000 SVPs formed after shearing the 0.1 g/L solution.
Using the calculations from the previous paragraph, this
corresponds to ∼2 ng/cm2 if all of the particles came from
the stainless steel interface. These calculated results confirm our
experimental results that relatively large numbers of SVPs can
be generated at the interface without observing a substantial
loss in mass of the primary layer. At higher mAb concentrations
(e.g., ≥50 g/L), a secondary adsorption event was observed
leading to increased mass being bound to the QCM-D sensor.
The large (∼250 ng/cm2) difference in adsorbed mass on the
stainless steel, after buffer exchange in the QCM-D flow cell,
between the layers formed at 100 and 50 vs 10 and 0.1 g/L
mAb could partially explain why 100 and 50 g/L mAb solutions
produce more particles when exposed to flow after adsorbing to
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stainless steel. That is not meant to suggest that all of this
additional mass is shed during flow but rather that a substantial
amount of mass (∼50 ng/cm2) was observed to desorb over
∼10 min (from 5 to 15 min) during 0.5 mL/min buffer flow.
Such a decrease in mass would correspond to 700 000 spherical
particles with a 2.5 μm diameter being produced in the shear
cell.
It is important to be critical of comparisons between

adsorbed mass and calculated SVP mass, which is almost
always an overestimate of the amount of particulate protein.48

First, the initial amount/rate of layer desorption at the onset of
buffer flow was not discussed for the QCM-D rinsing
experiments because the simultaneous exchange of background
solutions could appear to be a change of mass. This is because
the solution density and viscosity are changing as the solution
exchanges in the flow cell. However, it is important to note that
when considering initial desorption from the QCM-D sensor
and the presence of secondary interfaces in the flow cell the
true number of particles produced at a 50 g/L mAb solution
concentration would be much higher than the calculated
number of 700 000 if all of the material shed formed SVPs. On
the other hand, it is important to note that the Sauerbrey model
calculates the total bound mass and does not discriminate
between mAb and bound or trapped water/buffer molecules,
whereas the mass of SVPs was calculated considering only the
mass of mAb in the particle. Despite the differences in the
calculation of layer mass vs particle mass, the number of SVPs
observed during the shearing studies (e.g., ∼200 000 at 50 g/L)
was still substantially lower than the mass desorbed from the
QCM-D sensor (∼31 ng/cm2 between 5 and 15 min of rinsing,
which suggests that most of the mass desorbing/shed from the
interface did not produce SVPs. As no soluble aggregates were
observed by SEC (Figure S2), the data suggest that shed
material was not/did not remain as small aggregates. Therefore,
most of the mass desorbed was instead either resolubilized or
detached as smaller particles (i.e., at a size intermediate
between those detected by SEC and MFI).

■ CONCLUSIONS
In this work, subvisible particle formation mediated by
interfacial shear and adsorption to solid−liquid interfaces was
investigated. Neutron reflectometry, QCM-D, and a flow cell
were used to investigate the structure of NISTmAb adsorbed to
stainless steel, the viscoelastic properties near the interface, and
the effect of shear/different interface materials on SVP
formation, respectively. Different solid−liquid interfaces were
found to substantially affect SVP formation. For example,
stainless steel caused significantly more SVPs to form during
flow than alumina at high mAb concentrations (≥50 g/L).
Interestingly, while higher interfacial shear rates produced more
particles than lower interfacial shear rates, the results were not
significant unless the differences in shear rates were extreme
(e.g., 20 vs 25 000 s−1). The concentration of the protein was
also very important because more SVPs were produced at mAb
high concentration in the presence of stainless steel. Several
differences were noticeable at high mAb concentrations
compared to lower mAb concentrations in the presence of
stainless steel: (1) more material was adsorbed at the stainless
steel interface, (2) conformational distortion of mAb in the
primary layer occurred, and (3) increased protein−protein
interactions near the interface were detected. After exchanging
high-concentration mAb solution with histidine buffer, >50 ng/
cm2 mAb was observed to desorb over ∼10 min. The calculated

mass of 20 000 spherical SVPs with a 2.5 μm diameter
corresponded to only 1.4 ng of mAb per cm2 of interface. Thus,
the mass of the SVPs detected in these samples was
substantially less than the amount of material observed to
desorb during flow. These results suggest that only a small
fraction of desorbed mAb needs to be shed as particles to
observe substantial SVP populations. These insights provide
better mechanistic understanding as to why various material
incompatibilities (e.g., IV bag material, pump material,
container material) can result in high numbers of SVPs being
detected in solution.
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Supplemental Methods: 

 

X-Ray Reflectivity 

 

A Rigaku Smartlab X-Ray Diffractometer (Rigaku Corporation, Tokyo, Japan) was used to 

perform X-ray reflectivity measurements.  The optical configuration was set to the standard 

parallel beam with medium resolution setup.  Alignment of the X-ray source and detector was 

performed prior to conducting sample alignment.  Sample measurements were performed by 

determining the reflectivity over a range of θ from 0 to 10˚.  The data was modeled using 

GlobalFit software V2 (Rigaku Corporation).  

 

Size Exclusion Chromatography 

 

An Agilent 1100 high performance liquid chromatography (HPLC) system (Agilent 

Tecnhologies, Santa Clara, California) composed of a G1310A isocratic pump, a G1314A variable 

wavelength detector, and a G1328A injector was used with a TOSOH G3000WXL column (TOSOH 

Biosciences, Tokyo, Japan) to perform size-exclusion chromatography measurements (SEC).  The 

mAb solution was diluted to 10 g/L and 250 µg of sample were injected onto the column.  The 

mobile phase solution was pH 6.8 100 mM sodium phosphate buffer with 100 mM sodium 

sulfate and 50 µM sodium Azide. 

 

Supplemental Figures: 

 

 
Supplemental Figure S1.  The effect of additional passages of NISTmAb solutions through a 

stainless steel rotary piston pump.  The light orange, orange, light blue, and dark blue circles 

represent the (10, 25, 50, and 100) g/L mAb solutions, respectively.  Linear fits were used to 



estimate the number of particles/passage produced after the initial pump passage.  Error bars 

denote the standard error of the mean calculated from 6 measurements of the pumped 

solution.  SVP were counted using flow cytometry.   

 

 

Supplemental Figure S2.  Size of subvisible particles detected after passage of NISTmAb 

solutions through a flow cell with different interface materials.  The total concentration of SVP 

vs. size in stressed NISTmAb solutions were counted using MFI. Error bars denote the standard 

deviation of 3 separate experiments.  ECD = equivalent circular diameter.   

 



 

Supplemental Figure S3.  The Slope of Average SVP Concentration vs. mAb Concentration for 

SVP Generated in the Shear Flow Cell.  A) Comparison of the slope and 95% confidence interval 

between the shear flow cell equipped with the stainless steel interface (left) and the alumina 

interface (right).  B)  Comparison of the slope and 95% confidence interval for the stainless steel 

interface (left) and alumina interface (right) after the data has been normalized by average 

number of SVP in the control sample. 

 

 
Supplemental Figure S4.  Size exclusion chromatograms of stressed and unstressed NIST mAb 

samples.  The figure includes the following overlaid data: 50 and 100 g/L NIST mAb (diluted to 

10 g/L) after being sheared at (0.1, 2.0, or 120) mL/min.  All samples were passed 3x times 



through the flow cell.  Samples sheared at 120 mL/min were also measured after being passed 

10x times through the flow cell. The results are indistinguishable.  

 
 

Supplemental Figure S5. Investigating the structural stability of sputtered stainless steel 

substrate using x-ray reflectivity.  (Left) X-ray reflectivity data for the stainless steel substrate 

after adsorption experiments and cleaning with detergent.  (Right) The scattering length density 

profile of a new substrate determined using neutron reflectivity. No significant differences are 

observed.  

 

 

 

 

 

 

 

 

 

 



 
Supplemental Figure S6.  Size of subvisible particles detected after passage of NISTmAb 

solutions through a stainless steel flow cell at different flow rates.  The total concentration of 

SVP vs. size in stressed NISTmAb solutions were counted using MFI. Error bars denote the 

standard deviation of 3 separate experiments.  ECD = equivalent circular diameter.   

 

 


