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ABSTRACT: Particles in biopharmaceutical products present
high risks due to their detrimental impacts on product quality
and safety. Identification and quantification of particles in drug
products are important to understand particle formation
mechanisms, which can help develop control strategies for particle
formation during the formulation development and manufacturing
process. However, existing analytical techniques such as microflow
imaging and light obscuration measurement lack the sensitivity and
resolution to detect particles with sizes smaller than 2 gm. More
importantly, these techniques are not able to provide chemical
information to determine particle composition. In this work, we overcome these challenges by applying the stimulated Raman
scattering (SRS) microscopy technique to monitor the C—H Raman stretching modes of the proteinaceous particles and silicone oil
droplets formed in the prefilled syringe barrel. By comparing the relative signal intensity and spectral features of each component,
most particles can be classified as protein—silicone oil aggregates. We further show that morphological features are poor indicators of
particle composition. Our method has the capability to quantify aggregation in protein therapeutics with chemical and spatial
information in a label-free manner, potentially allowing high throughput screening or investigation of aggregation mechanisms.
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B INTRODUCTION

Protein therapeutics are an essential class of drugs capable of
treating a variety of human diseases, such as cancer, diabetes,
HIV, and autoimmune diseases.' They are often produced in
living cells using recombinant DNA technology. The number
of protein therapeutics in the clinic and development pipeline,
including monoclonal antibodies, peptide hormones, cytokines,
therapeutic enzymes, etc., has increased dramatically over the
last decade. One challenge of developing protein therapeutics
is that they have the propensity to aggregate in the
formulation, which not only lowers drug efficacy but also
possibly provokes an adverse immune response.”” " Aggrega-
tion can occur in response to chemical, environmental, or
mechanical stress conditions, often caused by changes in pH,
temperature, light stress, and shear force during processing or
storage.”~” Importantly, as protein therapeutics are often
formulated at high concentrations, the proteins are innately
prone to aggregation. For these reasons, regulatory agencies
have rigorous guidelines on the specifications of total particle
counts for biological formulations. Particles in the drug
products can be extrinsic (e.g, cloth fibers and plastics),
intrinsic (e.g., silicone oil droplets), or inherent (e.g., protein
aggregates in the formulation and particles originating from
formulation composition).” In drug products, subvisible
proteinaceous particles pose a high risk to product quality
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and bioavailability and have the potential to induce life-
threatening immunogenicity issues.””'* Multiple pathways for
aggregation exist and are dependent on numerous factors,
including sample conditions, protein sequence, and protein
structure.'' Extrinsic factors such as administration method,
impurities, and patient disease state have been shown to
influence immune response.” However, which aggregate types
are immunogenic is not well understood, and the causes of
antidrug antibody formation remain controversial.”'' It has
been well recognized that the chemical composition of
subvisible particles may reveal the mechanism of particle
formation in drug products. Unfortunately, current analytical
methods used to detect subvisible particles only provide
limited morphological information and often conflicting
results.>~"*

A prefilled syringe (PFS) is a well-established functional
device for subcutaneous (SubQ) delivery of high-concen-
tration biological products. Silicone oil acting as a lubricant is
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precoated in the PFS glass barrel to maintain its functionality.
It has been reported in various studies that silicone oil is prone
to migrate from the glass barrel into formulation along
staging.">~"” Importantly, previous studies have shown that
silicone oil and protein molecules can interact to form
protein—silicone oil particle mixtures.'®™>" Although silicone
oil by itself is often considered innocuous, silicone oil—protein
particle mixtures may have immunogenic properties.”” In light
of potential immunogenic concerns, efforts have been made to
eliminate silicone oil in syringes to improve formulation
stability through the development of silicone oil-free
syringes.””** Current methods to study and quantify drug
solution particles include light obscuration (HIAC), microflow
imaging (MFI), and imaging flow cytometry (IFC). >~
These industry gold standards mostly acquire morphological
features such as Feret diameter, aspect ratio, circularity, and
intensity.”” IFC is capable of providing some information
regarding protein—silicone particle mixing but requires
fluorescent tagging, which may induce protein aggregation.
All three methods lack chemical specificity in particle counting
and information regarding innate particle heterogeneity.

To overcome the limitation of existing characterization
techniques, we investigated whether stimulated Raman
scattering (SRS) microscopy can be used to provide a detailed
morphological and chemical characterization of subvisible
particles from protein formulations in prefilled syringes. SRS
utilizes two pulsed lasers (pump and Stokes) to generate
Raman images with intensities linearly dependent on molecular
concentration.”’ It has the advantage of nonperturbative
imaging of heterogeneous samples with submicron spatial
resolution and detailed spectral information at each pixel for
compositional analysis. SRS has been widely used in
biomedical imaging applications.”> ** Applications in charac-
terizing pharmaceutical products with SRS have also been
demonstrated.>>™3” However, it has not been used to
investigate protein therapeutics. Unlike biological cells or
tissues, imaging protein aggregates in drug formulations is a
needle-in-a-haystack problem because of the sparse nature of
aggregates in the solution and thus requires a different imaging
strategy.

Herein, we describe the adaptation of an SRS microscopy-
based approach to study and characterize the interaction of
drug protein and silicone oil in a protein therapeutic by
monitoring the C—H Raman stretching modes of the active
pharmaceutical ingredient (protein) and silicone oil. By
comparing the relative signal intensity and spectral features
of each component, the composition of most particles can be
quantified and classified by least mean squares regression. We
discovered that the majority of particles are protein—silicone
oil mixtures. To the best of our knowledge, this is the first
application of SRS microscopy to study therapeutic protein
aggregates. Our developed method has the capability to
quantify aggregation in protein therapeutics with chemical and
spatial information in a label-free manner. The described
technique can be adapted for particle screening and to study
aggregation mechanisms.

B MATERIALS AND METHODS

SRS Microscope System. The details of the SRS
microscope have been previously described.***” Briefly, the
system (FLINT FL2, Light Conversion) outputs a 1030 nm
beam with a 77 MHz (f0) repetition rate. This beam is split by

a polarizing beam splitter into two arms: one arm is sent to an
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optical parametric oscillator (OPO) to generate the wave-
length tunable pump beam (790 nm), and the other acts as a
Stokes beam (1030 nm). The Stokes beam is modulated at
19.25 MHz (f0/4) by an electro-optical modulator (EOM).
The Stokes beam is chirped by a grating-based pulse stretcher.
The pump beam is dispersed using 60 cm of dense flint glass
rods (SF11, Newlight Photonics). The two beams are
combined with a dichroic mirror and then sent to a homebuilt
upright laser scanning microscope. A schematic of this
microscope setup is shown in Figure 1A. Images are taken
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Figure 1. (A) Schematic drawing of the hyperspectral SRS (hsSRS)
setup based on a femtosecond laser system. Abbreviations: DS, delay
stage; EOM, electro-optical modulator; GR, glass rod; GS, grating
stretcher; OPO, optical parametric oscillator; PBS, polarizing beam
splitter; PD, photodiode. (B) Schematic of the sample imaging
workflow. Stressed protein therapeutic is imaged in three approaches:
in solution, on an Anodisk filter, and on a PC (polycarbonate) filter.
Following imaging on the PC filter, a phasor is used to segment
particles, and the image after segmentation is fed through a
nonnegative least-squares regression fitting to extract particle
composition at a per-pixel level.

with either a 25x, 1.0 NA objective (Olympus,
XLPLN2SXWMP2) or a 40X, 1.15 NA objective (Nikon,
N40XLWD-NIR). Powers are set to 20 mW pump (790 nm)
and 40 mW Stokes (1030 nm) at the focus for imaging with
the Anodisk filter. Images taken with the polycarbonate (PC)
filter have powers at 20 mW pump and 20 mW Stokes. All
images are collected at room temperature.

Sample Preparation. Etanercept (Enbrel) 50 mg solution
for injection in prefilled syringes was placed on a shaker
agitating at 300 rpm under room light and at room
temperature for 14 days to facilitate aggregate formation.
The etanercept solution was then pulled from PFS syringes and
stored at —80°C. Samples were thawed to room temperature
before characterization.

MFI Imaging. Subvisible particulate data were collected
using MFI 5200 (Protein Simple; Santa Clara, CA, USA). For
each sample, a sample volume of 0.9 mL was used for each of
the three runs, and the result was reported as an average of the
three runs. The number of particles per mL was measured in
the size ranges of >2, 2—35, >5, 5-10, >10, and >25 um. The
silicone oil particles were sorted by applying a filter with an
aspect ratio of >0.8S.
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Sample SRS Imaging Preparation. Particles present in
drug solution were first imaged in free solution. Slides were
prepared by sandwiching a microscope glass coverslip and glass
cover slide between two strips of double-sided tape to form an
empty channel. 30 4L of drug solution was then pipetted into
the channel, followed by sealing the edges of the sample with
nail polish. The sample was then transferred to the SRS
microscope for imaging.

For filter immobilized particle imaging, 0.2 ym pore size, 25
mm Whatman Anodisk inorganic filter membranes
(WHA68096022) and 0.2 ym pore size, 25 mm PC membrane
filters (GTTP02500) were purchased from Sigma Aldrich.
Both filter materials followed the same sample preparation. 300
uL of drug solution was vacuum filtered through the filter. The
filtering step acts to both immobilize and enrich the number of
particles for optical assessment. Following vacuum filtration,
the filter is carefully removed and placed onto a glass slide.
Three drops of additional drug solution were added to the
filter for optical transparency. Next, a coverslip was placed on
top of the filter to sandwich it. The filter was then sealed with
nail polish to prevent movement and dehydration. The sample
preparation and imaging workflow are shown in Figure 1B.

Phasor Analysis for Particle Segmentation. The phasor
approach to analyze hyperspectral SRS images was accom-
plished as described by Fu and Xie.*” The 3D SRS
hyperspectral image stack can be projected onto a 2D phasor
plot by computing a Fourier transform for each pixel. The real
and imaginary components of the resulting first harmonic of
the Fourier transform are used as positions in a scatter plot in
phasor space. In this manner, each point on the phasor plot
corresponds to a specific spectrum, and spectral similarity will
manifest as spatial closeness in the phasor plot. The phasor
approach was used to segment out regions of interest for
particle identification. The phasor region corresponding to
aggregate particles was empirically chosen to segment out most
particles while removing obvious contaminants based on
particle spectral analysis. Pixels from the imagebackground
were represented by the high-intensity region in the phasor
plot and the far ends of the phasor represent different chemical
species. Therefore, phasor selections that encompassed the
bottom and near the background phasor showed the best
performance in separating particles from the background
(Figure 3A). Mixtures of silicone oil and protein particles exist
in the space between the most distant cluster of silicone oil
spectra and the background high-intensity centroid region. We
utilized a rectangular shape for phasor ROI selection for the
ease of testing different phasor regions for best particle
segmentation. Different ROI shapes may be used depending
on how similar the spectra are for segmentation. Appropriate
phasor segmentation masks will only contain silicone oil
droplets, protein particles, and mixtures of these two particles.
Once the segmentation mask was generated, the Analyze
Particles tool in Image] was used to choose regions of interest.

Compositional Analysis. The particle compositions were
determined using nonnegative least mean squares regression
fitting. Each particle was assumed to be a combination or solely
composed of silicone oil and protein. The composition of the
particle can then be represented by fitting the spectra of each
pure component to the particle spectrum. The curve fitting was
performed using the Isqnonneg function in MATLAB. For the
PC filter images, the contributions from the filter were
removed by subtracting the PC Raman spectrum after scaling
by the isolated peak at 3065 cm™. The fitting takes in inputs of
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the basis compositional Raman spectra which in this case was
pure silicone oil and pure protein solution. The output is a
fitting of the input basis spectra to the sample spectra.

Pearson Correlation Coefficient (PCC) Analysis.
Following phasor segmentation to generate ROIs in Image],
we utilized the Analyze Particles tool in Image] to extract
morphological metrics of area, circularity, Feret diameter,
aspect ratio, roundness, and solidity of each particle. Using
these size metrics and the silicone oil percentages of each
particle determined by fitting, we used the corrcoef function in
MATLAB to generate a matrix of correlation coefficients with
values ranging from —1 to +1 for both filter imaging sessions.
Values closer to —1 indicate a negative linear correlation, 0
indicates no linear correlation, and +1 indicates a positive
linear correlation.

B RESULTS AND DISCUSSION

MFI and IFC have previously been successfully applied to
monitor aggregation in protein therapeutics.zs_27 However,
these methods rely on fluorescent tagging or solely
morphological features to classify particle identity. Unlike
these methods, SRS allows for direct chemical imaging,
spectrum-based identification, and subvisible particle imaging
at submicron spatial resolution. Through combining SRS
imaging and particle filtration, we are able to reliably image
intraparticle heterogeneity and the silicone oil—protein
interaction of subvisible particles >2 um.

Stressed drug solutions were first imaged with MFI to count
the number of particles in the solution. In 1 mL of solution,
MFI reports that 13,511 (40%) particles were protein, and
20,227 (60%) particles were silicone oil between 2 and 10 gm
in size. Smaller particles are difficult to capture and classify
with MFI. The classification is based on morphological
features. Following MF], the drug solution was directly imaged
by SRS. In SRS imaging, floating particles in the solution
showed significant heterogeneity in both morphology and
chemical composition. The particles imaged can be classified
into three general categories: silicone oil—protein mixture,
silicone oil, and proteinaceous. Interestingly, for silicone oil—
protein mixture particles, intraparticle heterogeneity is
apparent. Many particles have clear regions of silicone oil
droplets present within, whereas others have more interspersed
silicone oil Raman signatures. Representative of this class of
particles, Figure 2A has bright silicone oil spots on the left of
an aggregated particle, with the bulk of the particle having a
lower silicone oil signature. Generally, silicone oil particles are
homogeneous and have high circularity with two Raman peaks
at 2900 and 2960 cm™ (Figure S1). In contrast, proteinaceous
particles are irregularly shaped and only have one Raman peak
at 2930 cm™'. Figure 2B shows the SRS spectra of these
particles’ principal components (silicone oil in purple, protein
in yellow, and silicone oil—protein mixture in green).

Initially, particles floating in the solution were found and
imaged by scanning the microscope focus through the solution.
Directly imaging solution is difficult because proteinaceous
particles have low contrast due to background interference
from the protein solution. The second challenge is keeping
particles stationary for hyperspectral SRS imaging as particles
would move out of optical focus due to Brownian motion. To
address the first problem, we located particles in a solution
with high throughput using darkfield microscopy and recorded
particle locations on the sample slide. These registered particle
locations were then sampled by the SRS microscope for

https://doi.org/10.1021/acs.molpharmaceut.3c00391
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Figure 2. (A) SRS images of proteinaceous particles with varying
levels of silicone oil content at 2900 cm™ and accompanying spectra.
Scale bars 10 pm. (B) Expected SRS spectra of the principal
components of particles found. Purple, silicone oil; yellow, protein;
green, silicone oil—protein mixture; blue, Anodisk filter; red, PC
(polycarbonate) filter. (C) Size histogram of the 132 particles found
in the solution.

imaging. Even with this increase in throughput by darkfield
microscopy, the process of direct solution imaging is
challenging due to low particle contrast and high particle
movement. A total of 132 particles were directly imaged from
~20 uL solution and their sizes were measured (Figure 2C).
These particles varied drastically in size ranging from <1 to 30
pum and shape from spherical to rod-like. Aspherical particles
like those shown in Figure 2A tend to either be a mixture of
silicone oil—protein or solely proteinaceous in spectral
composition. From top to bottom in Figure 2A, the particles
have a circularity of 0.223, 0.234, and 0.76. Interestingly, these
morphological features have no appreciable relationship to the
spectral character of these particles, with the top particle
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having large amounts of silicone oil mixing, the middle particle
having little silicone oil mixing, and the bottom particle having
no silicone mixing based upon the spectral shape only. This
nonuniformity of composition indicates that classifications
based solely on morphology are inaccurate and miss
information on silicone oil components. In addition, as
shown in Figure 2C, many particles were below 2 ym and
thus were not detected in conventional MFL

Filtration methods to quantify particulate matter have been
previously demonstrated to identify small microplastics with
Raman imaging.*""** Filtration improves the imaging efficiency
by allowing particles to stick upon the filter surface which
provides: (1) increased imaging reliability as particles are less
prone to motion artifacts, (2) increased imaging throughput as
particles are enriched on the filter and more likely to be in the
same depth of focus. After imaging immobilized protein
aggregates on the filter, we used a phasor approach to segment
particles in the image and quantify their distribution. A phasor
utilizes a Fourier transform to plot the spectra of each pixel as a
point in the phasor plot space. Pixels of a similar spectra group
are together and dissimilar spectra are further apart. As shown
in Figure 3A, the high-intensity centroid is the background

A
SRS image

Phasor plot

I
10 pm

B

Phasor mask
(yellow region)

Phasor mask
er-pixel fitting

Phasor mask
(green region)

Figure 3. Visualization of the workflow from hyperspectral SRS image
to phasor for segmentation. Scale bars 10 ym. (A) Phasor plot
generated from the raw hsSRS image using the Image] spectral phasor
plug-in. (B) Resultant phasor segmentation from the yellow and green
bounding box. The segmentation mask from the green phasor is used
to generate a per-pixel fitted image.

spectra of the filter, and the areas surrounding this region
correspond to particle spectra. After segmentation, particles
were analyzed at a per-pixel level to reveal particle composi-
tional heterogeneity (Figure 3B). To test if the filter interferes
with SRS measurements, the background SRS spectrum was
recorded for the Anodisk filter in distilled water. As shown in
Figure 2B, the SRS spectrum of the Anodisk filter (blue) is flat
with no Raman peaks in the C—H region and thus does not
interfere with particle spectral analysis. Following the phasor
segmentation of particles, a per-pixel nonnegative linear least-
squares fitting was performed with silicone oil and protein
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solution as the basis spectral components to quantify particle
compositional heterogeneity.

An Anodisk filter was first used to image S0 fields of view
(Figure 4A). A total of 7042 particles were segmented for

C Percent Silicone Particle Count Percentage of

3000 Oil Composition Total Particles
2500 0-10% 659 9.36
10-20% 2859 40.6
= 2000 20-30% 1255 17.82
2 1500 30-40% 529 7.51
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00 60-70% 205 291
0 70-80% 149 2.12
oo s s 30 80-90% 91 1.29
Square Area (micron”) 90-100% 230 3.27

Total Count 7056

Figure 4. Anodisk filtration imaging dataset. (A) Mosaic tiled SRS
images of particles on an Anodisk filter. Scale bar 100 um. (B) Size
histogram of the 7056 particles found with Anodisk filtration. (C)
Table demonstrating percent composition of particles.

compositional analysis. These particles averaged a size of 2.85
um (Figure 4B). Interestingly, a majority of particles (>50%)
showed a mixture of silicone oil and protein with an average
composition of 10—30% silicone oil. In contrast, for particles
between 2 and 10 ym, MFI distinguished 40% of particles to
be protein and 60% to be silicone oil, and the compositional
mixing cannot be determined by MFI alone. Overall, over 90%
of particles showed >10% silicone oil composition with SRS
imaging. These results (Figure 4C) indicate that silicone oil
plays a critical role in forming proteinaceous particles in the
drug solution. Interestingly, most particles not only are a
mixture of both silicone oil and protein but also exhibit
significant heterogeneity in composition within the particle.
Many particles showed significant amounts of silicone oil—
protein mixing with several silicone oil droplets surrounded by
protein clumps, similar to what is observed in the solution,
suggesting that binary classification into protein and silicone oil
is not sufficient in characterizing particle features. We also note
that while filtration with the Anodisk filter massively increased
imaging throughput, the filtration step also introduced many
absorptive contaminating particles. These contaminant par-
ticles are small (Figure S2A) and have high signals but lack
spectral features resembling known components (Figure S2B).
Spectral phasor analysis can remove most of these contami-
nants. Additionally, segmentation with a spectral phasor
removes any particles (such as glass flakes) that do not have
a spectrum similar to silicone oil or protein spectra. However,
even with a spectral phasor to segment particles, the large
quantity of these absorptive contaminants vastly complicates
automated analysis. These contaminants are suspected to
originate from the filter. It should also be noted that images are

4272

in 2D and may not represent the entire 3D structure of the
particles.

Alternative filters were tested to mitigate the absorptive
contaminant problem of the Anodisk filter. Among the filters
tested, the PC filter was determined to provide minimal
contamination. However, in contrast to the Anodisk filter, the
PC filter has strong peaks around the protein Raman peak
(2930 cm™), as shown in Figure 2B. To remove the PC filter
contribution to the particle spectra, the PC spectrum was
removed from each pixel by subtracting the PC spectrum
normalized to the isolated peak at 3065 cm™'. Fifty images
were taken on the PC filter (Figure SA). As shown in Figure
SB, silicone oil droplets surrounded by proteinaceous strands
can be visualized. A total of 911 particles were segmented out
using the same phasor analysis as the Anodisk analysis. These
particles averaged 9.92 ym in size (Figure SC). Compared with
the Anodisk filter, the particles imaged on the PC filter are
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Figure S. Polycarbonate (PC) filter imaging dataset. (A) Mosaic tiled
SRS images of particles on a PC filter. Scale bar SO ym. (B) SRS
images and accompanying pixel fitting after phasor segmentation. Red
indicates silicone oil content; green indicates protein content. Scale
bar 15 ym. (C) Size histogram of the 911 particles found with PC
filtration. (D) Table demonstrating percent composition of particles.
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significantly larger. This may be because many smaller particles
are filtered out in the phasor segmentation due to the strong
PC background. This may also be due to that the PC filter
does not retain small particles as well as the Anodisk filter or
that the Anodisk filter induces further aggregation. Never-
theless, consistent with previous imaging conditions, PC-
filtered particles also showed significant silicone oil—protein
mixing (Figure SD). Over 90% of the particles imaged showed
>10% silicone oil composition. PC filtration imaging
demonstrated no absorptive particle contamination but did
show contamination from the environment. A few fields of
view had large lipid clumps from cover glass contamination by
handling. These contaminants were easily removed manually as
they have large size (several hundred ym? in area) and strong
lipid Raman signatures at 2850 cm™'. Importantly, for both
tested filter materials, intraparticle chemical heterogeneity is
directly visualizable with direct SRS imaging at a submicron
scale (Figures S3 and S4).

To quantify the relationship between morphological metrics
and spectral composition of particles, PCC tables were used to
compare the shape metrics commonly used in MFI
classifications such as area, circularity, Feret diameter, aspect
ratio, roundness, and solidity with the spectrally fitted silicone
oil composition. As shown in Tables 1 and 2, there is a lack of

Table 1. PCC Table for the Anodisk Filter from the Shape
and Spectrally Fit Metrics from the 7056 Particles Found
with Anodisk Filtration

PCC Table Anodisk Filter

Area (21N 0002018 | 0.02034 | -0.3089 08

Circularity 0.49%1 0.8575 06

04

[ 08465 0.7376 1 0.1758 | -0.1395 [ERVE:-K]

0.2

Aspect Ratio |-0002018 EVEECE 1 0928 K 0

0.2
Round
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S 50\\&\‘! é\\‘o(\
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correlation between morphology and particle composition: no
shape metric demonstrated a correlation greater than 0.3 with
composition. These results provide further evidence that
morphological classifications can be misleading for under-
standing the chemical nature of particles. Most classifications
of MFI data rely only on morphological features.””** Although
MFI captures the overall size and shape of particles at high
throughput, it has difficulty distinguishing intraparticle features
due to poor imaging resolution.

As seen in Figure 6A, protein particles are distinguishable
from silicone oil due to their low circularity, but any silicone oil
mixing is easily missed. In contrast, SRS microscopy readily
captures intraparticle heterogeneity at both the morphological
and compositional levels. For example, in Figure 6B, a similarly
shaped protein particle shows significant mixing with silicone
oil droplets inside of the particle. It should be noted that the
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Table 2. PCC Table for the PC Filter from the Shape and
Spectrally Fit Metrics from the 911 Particles Found with PC
Filtration

PCC Table PC Filter

1
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Figure 6. Comparison of similarly shaped particulate in the drug
solution. Scale bar 10 ym. (A) MFI images of a single silicone oil
(left) and a single protein (right) particle. (B) SRS image after phasor
segmentation and fitting of a single silicone oil (left) and a silicone
oil—protein (right) particle. Color represents the percentage of
silicone oil components at a pixel level with green representing the
protein component and red representing the silicone oil component
of the particle.

green region surrounding the silicone oil could either be
protein on the silicone oil surface or an artifact of SRS imaging.
SRS imaging has a limited spatial resolution. Such a limitation
gives rise to artifacts near the edge of particles. For example, at
the immediate surface of silicone oil, the sampling voxel will
see a mixture of silicone oil and protein in the solution and,
thus, report the presence of the protein surrounding silicone
oil. This problem is further compounded by other non-Raman
contributions such as cross-phase modulation near surfaces
with larger refractive index discontinuity, which additionally
contributes to erroneous signals. Therefore, careful consid-
eration must be taken to observe the silicone oil—protein
interactions at interfaces.

Previously, Probst has reported silicone oil—protein complex
formation with IFC."” In their work, fluorescence labeling was
used to discriminate silicone oil and protein particles in
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formulation. Silicone oil—protein mixture formation and
protein coating of silicone oil droplets were observed, but
detailed mixing and chemical information was not available.
Krayukhina et al. reported a loss of soluble protein with
etanercept reconstituted in silicone oil containing water for
injection.*> They also indirectly showed evidence for
etanercept being adsorbed on the surface of silicone oil with
evidence suggesting that this adsorption activates immune
cells. In corroboration with these previous studies, we have
visualized the mixing interaction that occurs between
etanercept and silicone oil droplets to form silicone oil—
protein aggregates by directly imaging the silicone oil—protein
interactions in a near-native particle environment without the
addition of extrinsic dyes or tags. The additional capability of
SRS to examine intraparticle composition at the submicron
resolution will allow for more comprehensive studies of
silicone oil—protein interactions.

B CONCLUSIONS

Understanding how protein therapeutics form potentially
immunogenic particles is important to improve product
development and enhance quality control for these important
drugs. A major challenge in analyzing protein aggregates lies in
the unknown nature of the formed aggregates as well as the
wide size range. Current methods (e.g, MFI) classify and
screen particles based on their morphological and size metrics.
Such metrics can be ambiguous in the case of silicone oil—
protein particle mixtures. Here, we developed a new workflow
utilizing SRS microscopy to study the composition of
subvisible particles in protein therapeutics. Particles in the
stressed protein solution in a prefilled syringe are from two
basic components: silicone oil and protein. By fitting the C—H
SRS spectra of these components to the imaged particles, we
determined the composition of each particle. This approach
enables the identification of drug product aggregates
unambiguously with chemical and spatial information in a
label-free manner. Moreover, spatially resolved chemical
composition analysis provides additional information about
the intraparticle compositional heterogeneity at submicron
resolution. It is worth noting that routine laboratory
techniques, such as HIAC and MFI, often require sample
dilution to enhance the refractive index contrast when
measuring high-concentration biological formulations.”* As a
spectroscopic imaging technique, SRS can potentially analyze
samples as-is at a high protein concentration.

Although SRS microscopy does not require extrinsic labeling
and sample modification, imaging drug solution by scanning
the microscope field of view has a very low throughput. To
combat this limitation, we opted to filter the drug solution to
both immobilize and enrich particle counts. By directly
imaging the immobilized particles on the filter, we found
that silicone oil—protein particles have varying morphology.
Some mixture particles appear as clumps, whereas others
appear as strands coming off a silicone oil droplet. The
demonstrated chemical information from SRS microscopy is
an additional dimension of information to study these particles
that is complementary to traditional morphological methods.

The SRS imaging filtration method is not without
limitations. The two filters demonstrated both showed unique
problems. The Anodisk filter had large amounts of
contaminating particles that complicated analysis and the PC
filter had a Raman spectrum that overlapped with the protein
Raman signature at 2930 cm™". For future improvement upon
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this imaging method, additional filters can be tested to mitigate
contamination or spectral overlap problems. The filtration
imaging process vastly increases the imaging throughput of
particles, but potential problems can occur with this process.
First, it is not known whether filtration can alter or generate
particles. Potentially, silicone oil can coat proteinaceous
particles as it flows through the filter. Second, it is difficult
to validate the accuracy of the spectral fittings because of the
lack of control over how much mixing can occur in a particle.
Additionally, even though the filter membranes used had a
pore size of 0.2 ym, we had some difficulty imaging very small
particles ~1 um in size as these particles commonly floated in
and out of focus. Finally, it is important to note that this was a
case study of etanercept, meaning different results may occur
when this SRS technique is applied to other biopharmaceutical
drugs. Nevertheless, the method developed has the potential to
provide insights into the mechanism of protein aggregation and
screen drug formulations.

Through the SRS imaging method, we are able to visualize
intraparticle compositional heterogeneity with high spatial
resolution. Silicone oil—protein mixtures have significantly
different intraparticle morphologies, strongly indicating that
particle classifications that rely solely on morphological
features are likely to be inaccurate for particle mixtures.
Additionally, through a spectral fitting at a pixel level, we found
that over 90% of imaged particles have >10% composition of
silicone oil. These findings suggest that silicone oil and drug
active ingredient proteins can interact to form silicone oil—
protein mixtures. The ability to observe this interaction at high
resolution is critical to understand the dynamics of
aggregation. Future studies will focus on understanding the
particle formation dynamics by comparing samples prepared
under different stress conditions. As SRS is nonperturbative, it
is also possible to continuously image particles in solution to
test conditions such as temperature and pH over time on drug
product stability. Coatings could be applied to the microscope
cover glass or cover slip to immobilize particles for high
throughput imaging in the solution. Alternatively, an SRS-
based MFI method can be adapted to both have high
throughput imaging and spectral information without altering
the particle environment.”> Such a flow-based method would
also directly address many of the issues associated with
imaging on a filter membrane.

B ASSOCIATED CONTENT
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