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A B S T R A C T

Silicone oil (SO) migration into the drug product of combination products for biopharmaceuticals during storage
is a common challenge. As the inner barrel surface is depleted of SO the extrusion forces can increase
compromising the container functionality. In this context we investigated the impact of different formulations on
the increase in gliding forces in a spray-on siliconized pre-filled syringe upon storage at 2–8 ◦C, 25 ◦C and 40 ◦C
for up to 6 months. We tested the formulation factors such as surfactant type, pH, and ionic strength in the
presence of one monoclonal antibody (mAb) as well as compared three mAbs in one formulation. After 1 month
at 40 ◦C, the extrusion forces were significantly increased due to SO detachment dependent on the fill medium.
The storage at 40 ◦C enhanced the SO migration process but it could also be observed at lower storage tem-
peratures. Regarding the formulation factors the tendency for SO migration was predominantly dependent on the
presence and type of surfactant. Interestingly, when varying the mAb molecules, one of the proteins showed a
rather stabilizing effect on the SO layer resulting into higher container stability. In contrast to the formulation
factors, those different stability outcomes could not be explained by interfacial tension (IFT) measurements at the
SO interface. Further characterization of the mAb molecules regarding interfacial rheology and conformational
stability were not adequately able to explain the observed difference. Solely a hydrophobicity ranking of the
molecules correlated to the stability outcome. Further investigations are needed to clarify the role of the protein
in the SO detachment process and to understand the cause for the stabilization. However, the study clearly
demonstrated that the protein itself plays a critical role in the SO detachment process and underlined the
importance to include verum for container stability.

1. Introduction

Ready-to use primary packaging systems like pre-filled syringes are
of particular importance for biopharmaceuticals as they enable the pa-
tient to administer the drug by himself, ease application for health care
professionals and improve drug safety. A critical aspect in this context is
the presence of silicone oil (SO) in the drug product [1–3]. SO is sprayed-
on the inner barrel of glass containers to reduce the friction force be-
tween the rubber plunger and the glass barrel thereby enabling an easy
and consistent administration of the drug [4,5]. However, SO is known
to migrate into solution where it forms microdroplets that add up to the
overall particle count and potentially interact with the API [6,7]. SO is
discussed to increase the immunogenicity of injectables [8,9] and there

have been numerous reports about SO microdroplets found in the vit-
reous after injections into the eye potentially causing adverse effects
[10]. Hence, trends in the development of novel packaging materials are
to fix the applied SO by baking-on, cross-linking, or to reduce the
sprayed-on amount of SO [11–14]. Unfortunately, lower SO levels in the
barrel potentially result in higher extrusion forces already after filling or
during storage, thus it is important to better understand the process of
SO detachment to define packaging materials that ensure functionality
and safety of the combination product over the complete storage time.

The functionality of combination products over storage is impacted
by the fill medium [15,16]. The increase in friction force caused by SO
depletion from the container surface is triggered by surface active in-
gredients. The presence and a higher concentration of polysorbate 80
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(PS 80) negatively impact the container stability and induce higher
particle formation [17]. Furthermore, formulations containing polox-
amer 188 (Px188) exhibit a lower tendency to detach SO compared to PS
80 [16,18]. This effect is linked to the interfacial properties of the fill
medium. With increasing PS 80 concentrations the interfacial tension
(IFT) between the formulation and SO decrease. In addition, PS80 de-
creases the IFT more effectively than Px188 [16,19–21]. Besides the
surfactant, Fang et al. reported that the buffer system, pH and tonicity
agents impact syringe functionality upon storage [18]. However, this
was demonstrated predominantly for placebo and without monitoring
the state of the SO layer or IFT. Therapeutic proteins constitute surface
active molecules which adsorb to interfaces, decrease the IFT as well as
form viscoelastic films and are known to interact with the SO layer
[6,22–28]. Correspondingly, a monoclonal antibody (mAb) verum
shows higher SO particle concentrations in the drug product as
compared to a placebo and a mAb concentration dependent increase in
gliding forces has been reported [6,16,29]. Although protein adsorption
can be inhibited in formulations by surfactants, co-adsorption of mAbs
at the interface occurs [19,26,30–32]. The interfacial storage modulus of
the mAb film formed the SO interface correlates with the mAb adsorp-
tion and aggregation propensity at the SO interface [25,33]. But further
thorough investigation of the formulation variables including the pro-
tein properties are still necessary.

The purpose of this study was to further identify formulation related
factors which lead to a reduced stability in siliconized syringes due to SO
migration. Compared to previous reports, we systematically tested
different formulation variables a mAb and compared 3 different mAbs in
the same formulation. We hypothesized that the IFT between formula-
tion and SO to correlate with the increase in extrusion forces upon
storage, also in the presence of the proteins. Formulation factors
included protein concentration, pH, surfactant type (polysorbate 20
(PS20) and Px188) and concentration as well as ionic strength. A change
of the pH and ionic strength are known to influence adsorption behav-
iour of proteins to accessible surfaces and thus the container stability in
terms of functionality could be influenced indirectly [34–37]. We
monitored the extrusion forces upon storage at 2–8 ◦C, 25 ◦C and 40 ◦C
for up to 6 months. The residual SO amount and the SO layer thickness in
the barrels were determined by Fourier-transform infrared spectroscopy
(FTIR) and interferometry measurements. 3D-laser scanning microscopy
(3D-LSM) was utilized to take images of the silicone layer from outside
the barrel at all the study timepoints. The IFT between the formulations
and SO were obtained with a profile analysis tensiometer (PAT). We
further characterized the formulations and mAbs in terms of interfacial
rheology properties. As an impact of the mAb on the SO detachment
became obvious, the proteins were further characterized in terms of
hydrophobicity and conformational stability with the aim to find protein
characteristics which explain and potentially predict the protein
induced SO detachment. Both parameters are considered important in
the adsorption process of mAbs to surfaces [35,38–40].

2. Materials and methods

2.1. Materials and methods

2.1.1. Chemicals
Following chemicals were used: L-histidine, L-histidine mono-

hydrochloride monohydrate, polysorbate 20 (PS20), NaCl (Merck KGaA,
Darmstadt, Germany), trehalose (Ferro Pfanstiehl, Waukegan, IL, USA),
sucrose (Sigma-Aldrich Chemie GmbH, Steinheim, Germany) and
Poloxamer 188 (BASF, Ludwigshafen, Germany).

2.1.2. Sample preparation
Four different IgG1 monoclonal antibodies were kindly provided by

Novartis AG (Basel, Switzerland). mAb 2, 3 and 4 were obtained in
histidine-buffers without further excipients. mAb 1 was obtained
already finally formulated at 120 mg/mL in histidine buffer (His)

containing trehalose and 0.02 % (w/v) PS20. Vivaflow® 50 cross flow
cassettes with a 50 kDa MWCO PES membrane (Sartorius AG, Goettin-
gen, Germany) were used to concentrate the other protein solutions or
exchange the buffer system. Buffer solutions were prepared with highly
purified water and pH was checked with a Mettler Toledo MP220 pH
meter (Mettler Toledo, Greifensee, Switzerland). After final formulation,
concentration was checked using UV–Vis spectrophotometer Nano-
Drop™ (Thermo Scientific, Wilmington, Delaware, USA). To investigate
the impact of formulation variables, mAb 4 was formulated varying
protein concentration, pH, ionic strength, and surfactant type and con-
centration (Table 1). mAb 2 and 3 were formulated according to the
formulation of mAb 1 including 0.02 % (w/v) PS 20. For all protein
formulation, an accordingly formulated placebo was prepared. The
protein solutions were filled into 1 mL long BD Neopak™ syringes with
27G ½” staked-in needles (BD Medical – Pharmaceutical Systems, Le
Pont-de-Claix, France) and containers were closed with NovaPure®
Syringe Plungers (West Pharmaceutical Services, Inc., Exton, PA, USA)
under laminar air flow. The plungers were all set to the same height
using an insertion jig. Prior filling all solutions were sterile filtrated
using vacuum filtration units with a 0.2 µm PES filter membrane (VWR
International GmbH, Darmstadt, Germany).

2.2. Stability study

Syringes filled with mAb 1 – 3 were stored without agitation at 40 ◦C
and 2–8 ◦C for up to 6 months as well as at 25 ◦C for up to 3 months, mAb
4 formulations were stored for up to 3 months at 40 ◦C. At designated
timepoints functionality, particle formation, silicone distribution and
content per barrel as well as silicone layer morphology were
investigated.

2.2.1. Functionality
Functionality was investigated using a Texture Analyzer TA.XT Plus

(Stable Micro Systems Ltd., Surrey, UK). The containers were expelled
with a velocity of 190.2 mm/min until a trigger force of 30 N. The
maximum force required for the distance 0 – 35 mm was set as the
maximum extrusion force (Fmax). Extrusion was automatically stopped,
when the upper limit of 30 N was reached and such container systems
were declared as “failed“ (n ≥ 5).

Table 1
Overview of verum and placebo formulations of mAb 4 tested (30 mM His, 270
mM sucrose). *Only tested as placebo.

Abbreviation Protein
Concentration

pH
value

Ionic
Strength

Surfactant

Standard 75 mg/ml 6.0 - 0.06% (w/V)
PS20

Low mAb 5 mg/ml 6.0 - 0.06% (w/V)
PS20

Middle mAb 40 mg/ml 6.0 - 0.06% (w/V)
PS20

High mAb 120 mg/ml 6.0 - 0.06% (w/V)
PS20

Low pH 75 mg/ml 5.0 - 0.06% (w/V)
PS20

High Ion 75 mg/ml 6.0 140 mM
NaCl

0.06% (w/V)
PS20

High
Surfactant

75 mg/ml 6.0 - 0.12% (w/V)
PS20

w/o Surfactant 75 mg/ml 6.0 - -

Px188 75 mg/ml 6.0 - 0.06% (w/V)
Px188

High Px188 75 mg/ml 6.0 - 0.40% (w/V)
Px188
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2.2.2. Subvisible particle analysis (SvP-analysis)
Particles in the product were monitored using a using FlowCam 8100

(Fluid Imaging Technologies, Inc., Scarborough, ME, USA) equipped
with a 10× magnification lens. Samples were collected during the
functionality measurements in pre-rinsed Eppendorf® tubes and parti-
cle > 1 µm concentration was evaluated using 150 µl at a flowrate of
100 µl/min (n ≥ 4).

2.2.3. Silicone oil distribution by combined white light and laser
interferometry (WLI) and white light interferometry (WI)

A RapID Layer Explorer UT (rap.ID Particle Systems GmbH, Berlin,
Germany) was used to evaluate the silicone oil distribution in the barrel.
Prior to measurements, the syringes were emptied after carefully
removing the plunger with tweezers. The barrels were subsequently
rinsed with 1 mL highly purified water (HPW) at least 3 times and firmly
dried. After baseline recording of a non-siliconized syringe 8 lines of 40
mm per barrel with a resolution of 0.4 mm/step were recorded to
determine the silicone layer thickness along the barrel. In the study
evaluating the mAb effect combined white light and laser interferometry
(WLI) was used (UT Mode/LOD = 20 nm), whereas in the formulation
effect study syringes were evaluated using white light interferometry
(WI) (BI Mode/ LOD = 80 nm). Calculating the silicone layer thickness
silicone depletion was evaluated based on the datapoints 35 – 100.
Datapoints below limit of detection were counted as 20 nm respectively
80 nm depending on the method used. Samples declared as T0 display
syringes not filled (n = 3).

2.2.4. Silicone layer morphology
The silicone layer of syringes emptied and cleaned as described

above was assessed with a Keyence VK-X250 3D-Laser Scanning Mi-
croscope (Keyence International NV/SA, Mechelen, Belgium). After
focusing on the silicone layer from outside images were taken alongside
the barrel with a CF Plan 10×/0.30 Nikon OFN WD 16.5 objective.
Seven images in the middle of the barrel were stitched together with the
VK Image Stitching software (version 2.1.1.0).

2.2.5. Silicone oil quantification by fourier transform infrared spectroscopy
(FTIR)

The silicone oil amount per barrel was quantified via Fourier
Transform Infrared Spectroscopy (FTIR) with a Bruker FTIR Tensor 27
(Bruker Corp., Billerica, MA, USA) after emptying and cleaning the sy-
ringes as described above and following a method developed by Funke
et al. [41]. Briefly, the silicone oil was extracted twice per barrel with
700 µl n-heptane. Therefore, plungers were inserted with the same jig
used for the stability study and the syringes were rotated overhead for
20 min at 18 rpm. The solvent extracts were pooled in 2R vials and
heptane was removed with a Flowtherm Evaporator (Barkey GmbH &
Co.KG, Leopoldshöhe, Germany) at 100 ◦C and nitrogen flow of 100 mL/
min. The dried extract was redissolved with 500 µl n-heptane and filled
into a 250 µm path length transmission liquid cell. To obtain trans-
mittance spectrum 100 scans with a resolution of 4 cm− 1 were recorded
between the wavelengths 3000 to 900 cm− 1. After calibration (R2 =

0.9999), silicone oil was quantified based on the area under the curve of
the symmetrical Si-CH3 deformation between 1280 and 1240 cm− 1 ob-
tained by the Bruker OPUS software (Version 7.5.18). Samples declared
as T0 display syringes not filled (n = 3).

2.3. Interfacial behaviour at silicone oil interface

The interfacial tension (IFT) at the silicone interface of the various
fill mediums was determined with a PAT1M profile analysis tensiometer
(SINTERFACE Technologies e.K., Berlin, Germany). A droplet was
formed with a single capillary (2.1 mm) immersed in silicone oil (Dow
Corning® 360 Medical Fluid 100 cSt, Dow Corning GmbH, Wiesbaden,
Germany). Dynamic interfacial tension was recorded based on the cap-
tures of a video camera for at least 5000 s. For the samples mAb 1 – 3 the

droplet volume was oscillated after 5000 s (Amplitude 10 %) at 0.01 Hz,
0.02 Hz, 0.05 Hz, 0.1 Hz and 0.2 Hz. Fourier Transformation enabled the
calculation of viscoelastic properties of the adsorbed surfactant and
protein layers (storage modulus E′ and imaginary modulus E″). Protein
concentration was adjusted to 5 mg/mL for all PAT measurements (n =

3).

2.4. Conformational stability

The mAb unfolding was studied by nano differential scanning fluo-
rimetry (nanoDSF) at 1 mg/mL using a Prometheus® NT.48 (nano-
Temper Technologies, Munich, Germany) at 1 ◦C/min from 20 ◦C to
100 ◦C. Fluorescence intensity at 350 nm was plotted against tempera-
ture and the apparent melting temperature of the protein was obtained
from the maximum of the first derivative using the PR.ThermControl
V2.1 software (nanoTemper Technologies, Munich, Germany) (n = 3).

Additionally, isothermal chemical denaturation (ICD) was used to
characterize the protein physical stability following a method developed
by Svilenov et al. [42]. Protein stock solutions (10 mg/mL in His-Buffer)
were pipetted into a non-binding surface 384 well plate (Corning, USA)
and mixed with the buffer and a denaturant stock solution (6 M guani-
dine hydrochloride) resulting in different denaturant concentration and
a constant protein concentration of 1 mg/mL. Pipetting and mixing were
performed with a 12.5 µL and 125 µL Viaflo pipette and the Viaflo Assist
(Integra Biosciences, Konstanz, Germany). After sealing the microplate,
the samples were incubated at room temperature for 27 h and intrinsic
fluorescence was determined at 350 nm with a Fluostar Omega micro-
plate reader (BMG Labtech, Ortenberg, Germany). The data was plotted
against denaturant concentration with the CDpal software (Version
2.15) [43] and the autofit function was used to evaluate the approximate
Cm values of the curves (n = 3).

2.5. Hydrophobicity

Hydrophobic interaction chromatography (HIC) was used to eval-
uate protein hydrophobicity. Protein samples were analyzed on an
Agilent 1200 device (Agilent Technologies GmbH, Böblingen, Ger-
many). MAb samples were diluted with ammonium sulphate buffer to a
final concentration of 0.33 mg/mL prior analysis. A total mAb amount of
20 µg was injected onto a 35 × 4.6 mm TSKgel Butyl-NR column from
Tosoh Bioscience GmbH (Darmstadt, Germany) and eluted at a flow rate
of 1 mL/min at 25 ◦C. After the equilibration of the column for 2 min
with buffer A (20 mM His/HCl, pH 5.4 containing 1.5 M (NH4)2SO4,
concentration of buffer B (20 mM His/HCl, pH 5.4) was increased lin-
early from 0 – 100 % in the following 66 min (tgradient). MAbs were
detected with a G1314B UV detector at 280 nm. The results are pre-
sented as the quotient of retention time and tgradient.

3. Results

3.1. Stability study – variation of formulation

After filling spray-on siliconized syringes with mAb 4 formulations
differing in protein concentration, pH, surfactant type, concentration as
well as ionic strength (Table 1), containers were stored at 40 ◦C for 3
months. Next to the progress in gliding forces, SvP count of expelled
samples was evaluated. SO migration was monitored by quantifying
residual SO amount per barrel after extraction and SO layer thickness
measurements. Both results were supported by 3D-LSM of the inner SO
surface.

3.1.1. Functionality
The Fmax of the protein and placebo samples increased over storage

dependent study. This included the functionality failure of a broad
number of syringes at the end of the stability study after 3 months at
40 ◦C (Fig. 1). The increase in extrusion force was dependent on the
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formulation filled in. At T0 all samples showed similar Fmax values
between 2.1 N and 2.5 N, which increased to 6 N and 10 N for most of the
samples after 1 month at 40 ◦C. The samples without surfactant and with
Px188 showed a smaller increase towards values of 3.2 ± 0.2 N and 4.0
± 0.8 N respectively. Interestingly, also the syringes containing a
formulation with higher ionic strength were still easier to expel with
Fmax values of 3.1 ± 0.2 N. After 3 months, the extrusion force was
massively increased to 25 N to 30 N for the syringes except for the ones
containing either no surfactant or Px188, which staged at approximately
3 N, and the high ionic strength formulation with 15.6 ± 2.1 N.

These results agree with the Fmax results of the corresponding
placebos. In some cases, the placebos solution showed higher extrusion
force values after storage. For instance, the lower pH placebo formula-
tion showed an increase from 2.0 ± 0.1 N to 28.6 ± 2.5 N already after 1
month at 40 ◦C and for the Px188 placebo sample a higher Fmax of 7.6
± 7.0 N was detected after 3 months. An additional formulation with a
higher Px188 concentration (0.4 % (w/v)) resulted in Fmax of 17.1 ±

10.8 N, which was higher than with 0.06 % (w/v) Px188, but still lower
compared to the PS20 containing samples.

3.1.2. SvP-analysis
The particle count of the expelled samples was assessed with flow

imaging and served as indicator for silicone oil migration into the
product (Fig. 2). Formulations without PS20 or containing Px188 did not
show an increase in particle concentration upon storage at all. At
maximum 66.000 ± 19.000 particles > 1 µm/mL were detected in
verum and 36.000 ± 25.000 particles > 1 µm/mL in placebo. All PS20

containing samples showed enhanced particle concentrations after
expelling. In general, placebo solutions for this group showed lower
particle counts compared to protein containing solutions as they did not
exceed values > 3.5 × 105 particles > 1 µm/mL. In comparison, 5 out of
the 7 protein samples showed values of >1 × 106 particles >1 µm/mL.
Particularly high particle concentrations were detected for the protein
formulation with a higher PS20 concentration (High Surfactant/ 0.12 %
(w/v)), which reached values up to 4.8 × 106 particles >1 µm/mL after
3 months storage. Lower particle concentrations were found for the
solution containing higher mAb concentration (120 mg/mL) and the
lower pH 5.

3.1.3. Silicone layer characterization
Silicone layer detachment upon storage could be demonstrated by

silicone oil quantification with FTIR as well as by interferometry mea-
surements at the silicone layer to determine its thickness. The solutions
without PS20 or containing Px188 also at higher concentration showed a
reduction of the silicone oil from approximately 200 µg SO per barrel to
120 – 160 µg after storage for 1 or 3 months (Fig. 3). For PS20 con-
taining formulations the amount decreased to 50 – 80 µg after 1 month
and approximately 30 µg after 3 months. Overall, the effect was similar
for the verum and the placebo.

The results were reflected by silicone layer thickness measurements
(Fig. 4). Silicone oil was hardly detectable in the samples except for the
surfactant free and the Px188 containing formulations with most of the
datapoints < LOD already after 1 month at 40 ◦C. As all datapoints <

LOD were calculated as 80 nm, the boxes of samples with obvious

Fig. 1. Maximum extrusion forces (Fmax) of syringes after storage at 40 ◦C of different mAb 4 [A] and placebo [B] formulations.
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depletion appear as a flat line. The Px188 concentration did not impact
the change in silicone layer thickness. After 3 months the silicone layer
height was further decreased for both the protein and placebo. In gen-
eral, the presence of protein enhanced the decline of the layer thickness.
Furthermore, silicone layer thickness for the Px188 containing as well as
the standard formulation stored for 3 months was examined in UT mode
(Supplementary Data − Figure S1); the majority of the datapoints
detected for the standard formulation was < LOD as well indicating no
silicone at all at the inner barrel surface. The Px188 showed more sili-
cone oil left and less depletion occurred with placebo.

3D-LSM confirmed the findings. At start, the SO formed blurred
structures (Fig. 5), which were still partially present after 1 month
(Supplementary Data − Figure S2) and vanished for PS20 containing
samples after 3 months storage. Remainders of SO were still visible for
the surfactant free and Px188 containing formulations.

3.2. Stability study – variation of the mAb molecule

After filling spray-on siliconized syringes with one formulation
(Formulation mAb 1) but 3 different mAbs (mAb 1 – 3), containers were
stored for up to 6 months at 40 ◦C, 25 ◦C and 2–8 ◦C. Container stability
as well as SO migration upon storage was monitored as
abovementioned.

3.2.1. Functionality
Extrusion forces at T0 were low for all syringes with Fmax between

2.3 N and 4.7 N. Fmax of the mAb 1–3 solution and placebo filled sy-
ringes increased with storage (Fig. 6). Overall, the syringes filled with
mAb 1 showed the most pronounced increase of Fmax followed by
placebo and mAb 2. Fmax of syringes filled with mAb 3 increased least

and was still acceptable even after 6 months storage at 40 ◦C.
After one month storage at 40 ◦C, already 2 out of 6 placebo solution

samples failed respectively they showed a Fmax > 30 N (average Fmax
of 26.8 ± 5.2 N/ Fig. 6). After 3 months at 40 ◦C, 4 out of 6 syringes filled
with mAb 1 failed reaching an Fmax average of 29.8 ± 0.3 N; placebo
solutions completely failed at that timepoint. An increase became also
evident for mAb 2 (Fmax 15.3 ± 1.9 N) and mAb 3 (Fmax 11.1 ± 0.9 N).
The results after 6 months at 40 ◦C were similar to the 3-month time-
point except for a further increase of Fmax for the mAb 2 formulation to
22.4 ± 1.6 N. For mAb 1 and placebo all syringes exceeded 30 N after 6
months at 40 ◦C. Also, at lower storage temperatures Fmax increased but
no syringe failed after 6 months. In line with the 40 ◦C storage results,
mAb 1 and 2 showed markedly higher Fmax values than mAb 3 also after
storage at 2–8 and 25 ◦C. Interestingly, the placebo showed the least
increase of all samples at the lower temperatures in contrast to storage at
40 ◦C.

3.2.2. SvP-analysis
The concentration of particles > 1 µm increased after storage at all

temperatures (Fig. 7). After filling mAb 2, mAb 3, and placebo samples
showed 18.000 to 25.000 particles > 1 µm/mL and mAb 1 70.000 ±

29.000 particles > 1 µm/mL on average. After 1 month at 40 ◦C, mAb 1
and placebo samples contained around 200.000 particles > 1 µm/mL
and mAb 2 samples 380.000 ± 95.000 particles > 1 µm/mL, whereas
mAb 3 samples stayed much lower with 40.500 ± 10.000 particles > 1
µm/mL. The particle concentrations did increase further at the 3- and 6-
month timepoint for the mAb 2 and 3 samples. As the extrusion was not
conducted completely for the mAb 1 and placebo at those timepoints,
the results cannot be further compared (marked as x and y in Fig. 7). The
failing of the syringes obviously decreased the particle count in the

Fig. 2. Number of particles > 1 µm/mL after storage at 40 ◦C for different mAb 4 [A] and placebo [B] formulations.
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collected samples. After 3 months storage at 25 ◦C mAb 1, 2 and placebo
showed increased particles levels and mAb 3 no change. At 2–8 ◦C after
6 months, the particle count was marginally increased in all samples at a
similar level.

3.2.3. Silicone layer characterization
As shown for the variation of the formulation the increase in extru-

sion forces for syringes filled with different mAbs was linked to a steady
decrease of the SO layer height on the inner barrel surface. Syringes
filled with mAb 1, mAb 2 and placebo showed a rather similar decline of
the SO amount over storage (Fig. 8) reaching values around 30 µg per
barrel after 6 months at 40 ◦C. In contrast, the lowest values obtained for
mAb 3 samples were around 90 µg per barrel. Results for the samples
stored for 3 months at 25 ◦C were comparable to the 1-month timepoint
at 40 ◦C. After 6 months at 2–8 ◦C the SO level for all samples was only
half of the T0 value without obvious differences between the samples.

Corresponding results were obtained with interferometry. For mAb
1, mAb 2 and placebo solutions SO was hardly detectable after storage at
40 ◦C and 25 ◦C (Fig. 9). Starting at a median of approximately 160 nm
for unfilled syringed the thickness dropped to 20 nm representing the
LOD of the method. In contrast, the medians of syringes filled with
mAb 3 ranged roughly between 58 and 73 nm throughout the stability
study. Silicone oil detachment was less pronounced at 2–8 ◦C; still the
decrease was less distinct for mAb 3. Furthermore, the inner barrel of
syringes filled with mAb 1, mAb 2 or placebo showed the appearance of

the surface of a silicone oil free glass syringe in 3D-LSM already after 1
month storage at 40 ◦C (Fig. 10/ Supplementary Data − Figure S3). In
contrast, the images of syringes filled with mAb 3 indicated presence of a
SO layer although the inner surface appeared less smooth and
congruent. After 3 months at 25 ◦C, SO still was visible for mAb 3 and
placebo solution; after 6 months at 2–8 ◦C SO was still clearly visible for
all samples.

3.3. Interfacial behaviour silicone oil interface

Interfacial tension and rheological measurements between the for-
mulations and SO were performed looking for explanations of the dif-
ference in the outcome of the stability study with respect to both the
formulation and the mAb effect.

3.3.1. Variation of the formulation
All PS20 containing samples showed the same progression of the IFT

at the SO interface over time with a fast decline in the first 100 s to
values of around 9 mN/m, which continued to decrease to 7 mN/m after
5000 s (Fig. 11). The corresponding placebo solution showed the same
progression with slightly but consistently higher values. In contrast,
Px188 containing samples induced IFT to decrease instantly to higher
values of 20 mN/m without further change after the first 100 s and lower
IFT values for the placebo solution. The formulations without surfactant
showed a rather slow decline to values of 22.9 ± 0.7 mN/m after 5000 s,

Fig. 3. SO amount per barrel by FTIR after storage at 40 ◦C of different mAb 4 [A] and placebo [B] formulations.
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whereas the IFT was stable for the surfactant free placebo at a value of
34 mN/m.

3.3.2. Variation of the mAb molecule
As seen for the formulation study, the presence of the surfactant

predominantly determined the progression of the IFT at the SO interface
over time thus resulting in a decline to 8 mN/m after 5000 s for all
samples including the placebo compared to 37 mN/m of the surfactant
free buffer (Fig. 12). Furthermore, no significant difference was
observable in between the surfactant free mAb solutions (mAb 1 – 3) as
they all decreased the IFT to approximately 26 mN/m after 5000 s.
Dilational rheology measurements indicated the same viscoelastic
properties of the films formed at the silicone interface for the actual
formulations (Fig. 13, A) as there was no distinct difference in the
storage (E′) and loss modulus (E″) at different frequencies observable.
Without the surfactant the elasticity of the different mAb films was
similarly increased (Fig. 13, B).

3.4. Further mAb properties

The three different mAbs were further characterized and ranked in
terms of solution viscosity, hydrophobicity, and conformational stabil-
ity. The viscosity of the mAb 1 formulation was significantly higher with
14.2 ± 0.0 mPa*s compared to 5.8 ± 0.2 mPa*s and 5.0 ± 0.0 mPa*s for
mAb 2 and 3. In addition, mAb 1 showed the highest hydrophobicity
with a retention time quotient in HIC of 0.57 followed by mAb 2 and

mAb 3 with 0.49 and 0.44 respectively.
The ranking in terms of conformational stability obtained by

isothermal chemical denaturation matched the results by thermal
unfolding of the proteins with nDSF (Supplementary Data – Figure S4).
mAb 1 was least stable with the earliest unfolding with a Tm of 71.6 ±

0.0 ◦C and a Cm of 2.1 ± 0.1 M, followed by mAb 3 with a Tm of 76.8 ±

0.1 ◦C and Cm of 2.3 ± 0.0 M, and mAb 2 showing a Tm of 79.0 ± 0.0 ◦C
and Cm of 2.7 ± 0.1 M.

4. Discussion

The aim of the present study was to identify mAb formulation fac-
tors, which contribute to reduced storage stability by enhancing SO
detachment from the container surface. To this end, we investigated the
impact of different fill media upon long-term storage of spray-on sili-
conized pre-filled syringes.

At first, we varied the mAb formulations in terms of excipient type
and concentration. Two formulations, the one lacking a surfactant and
the one containing Px188, showed clearly less tendency for SO detach-
ment. Subsequently, higher container stability was obtained with these
formulations without a significant increase of extrusion forces or even
failure of the syringe. The trend was observed with verum and placebo.
The extrusion force results were well in line with the residual SO amount
analyzed by FTIR, and the layer thickness analyzed by interferometry
and 3D-LSM. As discussed previously [44] it should be noted that layer
thickness measurements based on interferometry only cover a small

Fig. 4. SO layer thickness by WI after storage at 40 ◦C of different mAb 4 [A] and placebo [B] formulations displayed as box plots (Box. 25th – 75th percentile;
Whiskers. 1th – 99th percentile/LOD. 80 nm).
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section of the silicone oil surface and rely on an even silicone oil dis-
tribution. 3D-LSM turned out to be a quick, non-destructive, and reliable
method to identify SO removal from the inner barrel surface. Addi-
tionally, SvP analysis showed less particles for those two formulations
compared to all other formulations after expelling. Hence as reported for
PS80 [16–18], also PS20 shows higher tendency to remove SO from the

container surface and to increase gliding forces in siliconized syringes
compared to Px188. In comparison, a higher mAb concentration,
different pH or higher ionic strength did not markedly affect the syringe
stability as all PS20 containing formulations showed the same SO
depletion and a distinct increase in gliding forces at the 3 months
timepoint. However, for the verum the SO removal was slightly

Fig. 5. 3D-LSM images of the inner surface of syringes after storage at 40 ◦C for 3 months of different mAb 4 and placebo formulations compared to T0 and non-
siliconized syringes.

Fig. 6. Maximum extrusion forces (Fmax) of syringes after storage at 40 ◦C, 25 ◦C or 2–8 ◦C of mAb 1, 2 and 3 as well as placebo formulations.
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enhanced compared to placebo. The stability correlated with the IFT
between formulation and SO, which is line with a previous report for PS
80 containing placebo formulations [17]. All PS20 containing samples
displayed a lower IFT compared to the surfactant free and Px188
formulation. As the IFT decreases the energy necessary to overcome the
interfacial tension is lowered and hence a SO migration is more likely to
occur [17]. The formulation with highest IFT, in our case the placebo
solution without surfactant, showed least silicone oil removal followed
by the protein formulation without surfactant and the formulations

containing Px188. The fact that a higher PS20 concentration in the
formulation did not accelerate the increase in gliding forces was also
reflected in the IFT as a minimum value was already reached by the
lowest PS20 concentration. The PS20 concentration of 0.06 % (w/v) is
well above the critical micelle concentration (CMC) [45,46]. Px188 is
less hydrophobic than PS20 with an HLB value of around 29 [30]
compared to 16.7 [47], making it less surface active. Furthermore, the
Px188 adsorption rate is less compared to PS20 due to its higher a
molecular size around 8 kDa compared to 1.2 kDa for PS20

Fig. 7. Number of particles > 1 µm/mL after storage at 40 ◦C, 25 ◦C or 2–8 ◦C of mAb 1, 2 and 3 as well as placebo formulations. x. Samples with incomplete
extrusion due to functionality failure; y: all syringes failed.

Fig. 8. SO amount per barrel by FTIR after storage at 40 ◦C, 25 ◦C or 2–8 ◦C of mAb 1, 2 and 3 as well as placebo formulations.

Fig. 9. SO layer thickness by WLI after storage at 40 ◦C, 25 ◦C or 2–8 ◦C of mAb 1, 2 and 3 as well as placebo formulations displayed as box plots (Box: 25th – 75th
percentile; Whiskers: 2.5th – 97.5th percentile/LOD: 20 nm).
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[16,19,21,30,48–52]. A higher amount of protein co-adsorbed to the
interface was observed for Px188 compared to polysorbates
[19,25,34,51–53]. According to our results Px188 is advantageous for
protein formulations in combination products. Not only did it show
higher container stability but by decreasing SO migration into solution
the interfacial area for mAbs to adsorb to is lower. Hence, protein sta-
bility is potentially less diminished in this case [25]. Nevertheless, the
choice of surfactant needs to be evaluated based on the product itself.

Recently, visible protein-SO particles were detected after long term
storage specifically in mAb formulations containing Px188.[49] After
all, the occurrence of SO depletion can be also overcome by the
appropriate choice of the primary packaging material [3,11,54].

In the second setup, the mAb was varied in the very same formula-
tion (Formulation mAb 1). The stability was mAb molecule dependent.
mAb 3 formulations were more stable compared to mAb 1 and 2 for-
mulations as well as placebo at 40 ◦C, 25 ◦C and 2–8 ◦C. In general, SO

Fig. 10. 3D-LSM images of the inner surface of syringes after storage at 40 ◦C, 25 ◦C or 2–8 ◦C of mAb 1, 2 and 3 as well as placebo formulations.

Fig. 11. IFT of different mAb 4 [A] and placebo [B] formulations at the SO interface.
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migration was less pronounced after storage at lower temperature. But
an increase in extrusion forces and a reduction of the SO layer thickness
were observed, following the 40 ◦C results except for placebo solutions.
The sampling at 2–8 ◦C only covered stability up to 6 months, so further
testing for 2 years and beyond would be required to verify the relevance
of the observation for storage of a drug product. Considering the com-
plete dataset, the results at accelerated storage conditions reflected the
protein specific SO detachment at lower storage temperatures. Trends in
differences in extrusion forces between the different formulations
observed at elevated temperatures could not be simply extrapolated.
Thus, it is recommended to include SO layer characterization during
stability testing to properly evaluate the risk for container functionality
failure upon long-term storage. In contrast to the formulation factor
study as well as previous reports [16,17], the stability behaviour did not
correlate to the IFT results. We assume a decreased IFT between the
formulation and SO as one of the basic requirements for SO detachment.
Nonetheless the protein effect on SO detachment was not reflected in IFT
data. Additional dilational surface rheology measurements did not show
any differences in the behaviour of the mAb molecules at the SO inter-
face. mAbs are known to form viscoelastic films upon adsorption at
hydrophobic interfaces as a result of unfolding and increasing inter-
molecular interactions [22,24,25,55]. The presence of surfactant
equally decreased elasticity regardless of the mAb type. A lower elas-
ticity for protein-surfactant mixtures was expected as PS20 prevents the
adsorption of the protein and thereby the formation of a protein network
at the interface [27,28,51,53,56]. As the values matched the placebo, we
assume the SO interface to be predominantly occupied by PS20 for all
formulations. Further characterization of the protein molecules failed to
identify clear predictive parameters related to SO detachment. Confor-
mational stability, as tested via thermal unfolding, did not correlate with
the stability of the syringes. Upon adsorption conformational changes of
proteins can occur and an increased conformational stability tested both
by thermal and chemical means is in general associated with a lower

adsorption tendency [35,38]. Only the relative hydrophobicity ranking
was in line with the stability data. Hydrophobic interactions play a
substantial role for protein adsorption to solid surfaces and thus an
increased surface hydrophobicity could potentially enhance the inter-
action between the mAb and the SO interface respectively SO micro-
droplets in solution [34,40,57,58].

However, a different adsorption behaviour of the mAb molecules was
not indicated by the dynamic IFT measurements. Thus, the mechanism
behind the stabilization respectively destabilization remains unclear at
this point. In general, the results illustrate the importance to include
active pharmaceutical ingredients in container stability testing as well as
for investigational studies on SO migration in primary containers.
Recent publications on this matter often tested placebo or surrogate
solutions only [15,17,18]. A broad variety of different methods can be
applied to further investigate the adsorption behaviour of the protein
and surfactant at the SO interface as well as the reversibility of the
adsorption process [35,59,60]. Especially quartz crystal microbalance
with dissipation monitoring (QCM-D) has been utilized to study the
absorption of proteins and surfactants to siliconized surfaces and it also
offers to determine a viscoelasticity of the adsorbed film [19,30,40]. In
general, the monitoring of adsorption and desorption kinetics of the
proteins to hydrophobic surfaces by methods like ellipsometry [61],
optical waveguide lightmode spectroscopy [21], surface plasmon reso-
nance [62] or biolayer interferometry [63] could help identify key dif-
ferences for the molecules. Also, neutron reflectometry has been used to
study the adsorption behaviour to hydrophobic surfaces as it can provide
detailed information about the molecule orientation and composition of
the adsorbed film by determining layer thickness in the sub nanometer
range [51,52,64,65]. The inclusion of more proteins with a broader
variety of physico-chemical and surface-active properties is needed to
identify the key factors influencing the SO detachment from the inner
barrel surface. As all mAbs included in this study belonged to the IgG1
subclass we expect no significant difference of the Fc fragment between
the molecules [66]. A focus on the characterization of the Fab fragments
could potentially facilitate the identification of predictive molecule
properties. Finally, we suggest studies that focus on the interaction of
the surfactants, SO and the protein beyond the interfacial properties of
the formulations as the surface rheology measurements indicated the
absence of the mAb molecule at the interface. Potentially, the ability to
emulsify SO microdroplets plays a role in the SO migration enhancing
tendency of certain formulations and mAb molecules. This could explain
the lower stabilities of placebo formulations at higher storage temper-
ature as the CMC of PS decreases and the micelle size increases at
elevated temperatures [67,68]. In addition, mAbs were shown to in-
crease the CMC of PS20 and PS80 due to interaction between protein
and surfactant [69,70]. The fact that Px188 exhibits a significantly
higher CMC then PS may also be in line with a higher SO layer stability
due to less microdroplet formation [16,34,71].

Fig. 12. IFT of formulations containing mAb 1, 2 and 3 and placebo with (+)
and without (− ) 0.02 % (w/v) PS20.

Fig. 13. Dilatational storage (E′) and loss modulus (E″) of the interfacial film between SO and formulations containing mAb 1, 2 and 3 and placebo with [A] and
without [B] 0.02 % (w/v) PS20 at different oscillation frequencies.
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5. Conclusion

In the course of this study the dependency of the container stability
on the fill medium systems became evident for standard spray-on sili-
conized container. In general, extrusion forces increased due to SO
migration into the drug product at all storage temperatures including
samples stored at 2–8 ◦C. Differences between formulations were
already detectable after one month storage at 40 ◦C, which was pre-
dictive for storage at 25 ◦C and 2–8 ◦C. The silicone layer character-
ization revealed a complete SO removal from the inner barrel surface for
specific formulations. Not only surfactant type but interestingly also the
mAb present in formulation were found to impact container stability.
Px188 containing formulations showed less SO detachment compared to
PS20 containing formulations. mAb 3 samples were significantly more
stable compared to syringes filled with mAb 1 and 2 and compared to
placebo. In the case of formulation variables, a lower container stability
could be correlated with a lower IFT, but the IFT did not differ with the
mAb utilized. Also, interfacial rheology measurements as well as protein
characterization in terms of conformational stability could not explain
the difference between the mAbs in the very same formulation. Although
the hydrophobicity ranking indicates that the observed SO depletion can
be linked to intrinsic molecule properties, further studies are necessary
to better understand the role of the protein in the SO detachment process
and identify key factors for the occurrence of SO depletion. Overall, the
studies underline the importance of testing container stability with
verum.
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