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Abstract

Subvisible particles in a therapeutic protein product may act as adjuvants to promote unwanted 

immune responses against the protein. Silicone oil is used as a lubricant in prefilled syringes, and 

microdroplets of silicone oil are often detected in protein formulations expelled from prefilled 

syringes. In order to test the adjuvant potency of silicone oil microdroplets, antibody responses in 

mice to subcutaneous injections of formulations of ovalbumin (OVA) that contained silicone oil 

microdroplets were measured. These responses were compared against responses to oil-free OVA 

formulations and to OVA formulations that contained microparticulate aluminum hydroxide 

(“alum”), the common vaccine adjuvant. When administered with high concentrations of silicone 

oil microdroplets, OVA formulations elicited strong anti-OVA IgG1 and IgG2a antibody 

responses. These responses were equivalent to those observed when alum microparticles were 

added to OVA formulations, suggesting that silicone oil can act as a potent adjuvant. However, 

when OVA formulations were prepared with lower levels of silicone oil that had been obtained 

directly from commercial siliconized syringes, the anti-OVA antibody response was not enhanced 

significantly compared to responses against OVA alone.
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INTRODUCTION

Therapeutic proteins play significant roles in treatment of a broad range of human diseases 

and conditions due to their high specificity and functionality.1 However, therapeutic protein 
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products may cause unwanted immune responses in patients, leading to production of anti-

drug antibodies (ADAs).2 ADAs may bind to therapeutic protein molecules and reduce their 

therapeutic efficacy by neutralizing their activity and/or increasing their rates of clearance. 

Additionally, ADAs may be cross-reactive and inactivate the drug’s endogenous 

counterpart, potentially leading to severe side effects.3

Endocrine or metabolic disorders in which deficiencies in specific proteins exist can be 

treated using therapeutic protein products.1 Administration of proteins for replacement 

therapies often produces ADAs, at least in part, because the immune system may recognize 

the therapeutic proteins as foreign.4 For example, in hemophilia A patients whose factor 

VIII gene has been deleted or modified, administration of factor VIII can generate ADAs.5 

ADAs can also be produced against recombinant therapeutic protein products, even when 

the proteins are engineered to be identical to their endogenous counterparts and thus would 

be expected to be seen by the immune system as “self”.2 For instance, recombinant human 

erythropoietin can induce ADAs that are cross-reactive against endogenous erythropoietin 

and induce pure red cell aplasia in patients.6

The causes for immunogenicity of therapeutic protein products are not completely 

understood. Many factors could influence the production of ADAs, including impurities, 

non-human origin, protein structure, protein aggregates, particulate contaminants, dosing 

regimen, route of administration, genetic background of the patient and associated disease.7 

Subvisible particles composed of protein and/or particulate contaminants may be a 

particularly important factor in unwanted immunogenicity.

Early studies that investigated the effect of proteinaceous particles on immunogenicity found 

that rabbits injected with the supernatant of an ultracentrifuged human gamma globulin 

formulation did not produce detectable ADAs, whereas rabbits that were administered with 

the proteinaceous particles that sedimented in the ultracentrifuge produced large amounts of 

ADAs after injection.8 Likewise, aggregates of human gamma globulin were more 

immunogenic than monomers in rats, guinea pigs, mice and dogs.9-11 Weksler et al.12 

reported that human patients could maintain tolerance to injections of horse anti-human 

lymphocyte globulin that had been ultracentrifuged to remove particulates. In more recent 

studies, protein aggregates formed from agitation or freeze-thawing of formulations of 

recombinant human growth hormone were associated with increased antibody responses 

when the formulations were administered to mice.13 In another study, formulations that 

contained proteinaceous particles created by stirring were found to be immunogenic and 

enhanced the in vitro innate immune response and T-cell response in human peripheral 

blood mononuclear cells (PBMCs).14Enhanced expression of co-stimulatory signals from 

dendritic cells were associated with increased subvisible particle concentrations 15, and even 

minute amounts of subvisible proteinaceous particles resulted in increased expression of co-

stimulatory signals from dendritic cells.16

In addition to proteinaceous particles that are often found in formulations of therapeutic 

proteins, particles composed of contaminant matter can be shed into drug products during 

manufacturing or from product container/closures. Stainless steel microparticles may be 

shed from filler pumps17, and the U.S. Food and Drug Administration reported that glass 
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particles shed from glass vials have been found in drug products.18 Subvisible particles 

composed of stainless steel and glass can act as potent immunological adjuvants. Van Beers 

et al.19 found that addition of stainless steel microparticles to recombinant interferon beta 

formulations enhanced immunogenicity of the protein in transgenic mice. Also, addition of 

glass microparticles to formulations of recombinant murine growth hormone or to 

formulations of a murine monoclonal antibody elicited significantly higher antibody 

responses to the respective proteins in mice.20, 21

Another source of subvisible particles is the lubricant used in prefilled syringes. Prefilled 

syringes are the primary container of choice for storage and delivery of parenteral drug 

products due to their ease of use, their compatibility with auto-injectors and the reduction in 

improper dosing and decreased contamination associated with their use.22, 23 Prefilled 

syringes typically are composed of glass, which requires a lubricant to allow smooth 

movement of the plunger through the syringe during drug administration. Silicone oil is the 

most commonly used lubricant in prefilled syringes. Drug products in prefilled syringes are 

exposed to silicone oil for their entire shelf life because prefilled syringes function as both a 

delivery device and a storage container.24 During shipping and storage, silicone oil may be 

emulsified from the syringe barrel and form microdroplets of oil in the protein formulation. 

Also, during administration to patients, movement of the plunger may shed additional 

silicone oil from the syringe barrel wall into the formulation.23, 25

Concerns about the stability of proteins in siliconized prefilled syringes arose in the 1980’s 

when clouding and visible precipitates were observed in disposable insulin syringes that 

contained silicone oil.26-28 A wide variety of proteins has been shown to adsorb readily to 

silicone oil microdroplets and proteins may undergo structural perturbations upon adsorption 

at the silicone oil-water interface.29-32 Furthermore, silicone oil may induce protein 

aggregation and promote particle formation in formulations.29, 30, 33-37 The effect of silicone 

oil microdroplets on protein structure and assembly state within formulations has been 

studied for many proteins, but potential immunogenicity consequences of silicone oil 

microdroplets within protein formulations are less well-characterized. An early study by 

Naim et al.38 showed that when rats were injected with bovine serum albumin (BSA) 

solution that contained silicone oil, there was a small increase in the antibody response 

relative to that produced by injections of BSA alone. More recently, a study by Shomali et 

al.39 showed that antibody responses were higher in mice administered with formulations of 

murine monoclonal antibody adsorbed to silicone oil microdroplets relative to oil-free 

monoclonal antibody formulations. We hypothesize that silicone oil microdroplets will 

behave similarly to other subvisible particles in formulations and act as an adjuvant to 

provoke adverse immune responses to administered proteins.

In this study, we investigated the potential of subcutaneously administered silicone oil 

microdroplets to act as an adjuvant to elicit immune responses in mice against a model 

foreign protein, ovalbumin (OVA). We measured the antibody response in mice injected 

with OVA formulations that were spiked with a high concentration silicone oil microdroplet 

preparation. These responses were compared to responses against OVA formulations 

without oil and against OVA formulations that contained aluminum hydroxide (“alum”), the 

common microparticulate vaccine adjuvant. Lastly, we evaluated the antibody response 
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against OVA formulations that contained smaller amounts of silicone oil obtained directly 

from commercial siliconized syringes. Immune responses were characterized by measuring 

antibodies against OVA in mouse serum using enzyme-linked immunosorbent assays 

(ELISAs).

Formulations were prepared and characterized the same day as injection. The fraction of 

protein adsorbed to silicone oil microdroplets and soluble aggregate levels within the 

formulations were determined using size-exclusion high-performance liquid 

chromatography (SE-HPLC). Particle concentrations were monitored using microflow 

digital imaging, and tertiary structure changes in adsorbed protein molecules were 

determined using intrinsic fluorescence quenching.

MATERIALS AND METHODS

Materials

Materials used to prepare samples for injection were of USP grade or higher. Ovalbumin 

was purchased from Fisher Scientific (Waltham, Massachusetts). Medical grade silicone oil 

(Dow Corning® 360, 1000 cSt) was obtained from Nexeo Solutions (Denver, Colorado). 

Aluminum hydroxide adjuvant (Alhydrogel® 2%) was from Brenntag Biosector 

(Frederikssund, Denmark). EMPROVE® sucrose and 33 mm diameter syringe filters with 

0.22 μm pore size PVDF membranes were obtained from EMD Millipore (Billerica, 

Massachusetts). Chemicals purchased from Sigma Aldrich (St. Louis, Missouri) included 

sodium phosphate monobasic, sodium phosphate dibasic and bovine serum albumin (BSA). 

Chemicals purchased from Fisher Scientific (Waltham, Massachusetts) included acrylamide, 

tris, Tween™ 20, 10 × phosphate buffered saline, sulfuric acid, and HyClone™ water for 

injection (WFI). Acetic acid and hexanes (95% n-hexane) were from Avantor Performance 

Materials (Center Valley, Pennsylvania). Peroxidase goat anti-mouse IgG1, IgG2a, IgG2b, 

IgG2c, and IgM were purchased from Jackson ImmunoResearch Laboratories, Inc. (West 

Grove, Pennsylvannia). Peroxidase-conjugated goat anti-mouse IgG3 was purchased from 

Life Technologies (Grand Island, New York). 1-Step™ Ultra TMB and Immulon® 4HBX 

96 well plates were from Thermo Scientific (Waltham, Massachusetts). HSW Norm-Ject® 

sterile 10 mL plastic syringes (Henke Sass Wolf, Tuttlingen, Germany) are non-siliconized 

syringes that were used for syringe filtration of samples for injection so that samples did not 

come in contact with silicone oil during preparation. HSW Norm-Ject® sterile 1 mL plastic 

syringes (Henke Sass Wolf, Tuttlingen, Germany) are non-siliconized syringes and were 

used for injections through BD™ 25G 5/8 inch sterile needles (Becton Dickinson and 

Company, Franklin Lakes, New Jersey). Goldenrod™ animal lancets used for mouse 

submandibular blood draws were purchased from Braintree Scientific, Incorporated 

(Braintree, Massachusetts).

Sample Preparation (OVA)

Ovalbumin was dissolved in 20 mM sodium phosphate buffer (pH 7.4) containing 9% (w/v) 

sucrose at a stock concentration of 0.75 mg/mL. The OVA stock solution was drawn into 10 

mL non-siliconized sterile syringes without a needle attached and filtered through a 33 mm 

diameter syringe filter with a 0.22 μm pore size PVDF membrane. One mL aliquots of OVA 
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stock formulation were stored in 1.5 mL polypropylene microcentrifuge tubes at -80°C until 

further use.

Samples for injection into animals were thawed at room temperature. Then, the samples 

were drawn into 10 mL non-siliconized sterile syringes without a needle attached and 

filtered through a 33 mm diameter syringe filter with a 0.22 μm pore size PVDF membrane. 

To minimize particle concentrations in silicone oil-free control formulations of OVA, 

samples were ultracentrifuged at 112,000g for 1.5 h at 4°C. Centrifuge tubes were filled with 

3 mL of sample and all liquid except for 0.5 mL at the bottom of the tube was removed and 

used for experiments. Samples for injection were diluted to a final OVA concentration of 

0.25 mg/mL in 20 mM sodium phosphate buffer (pH 7.4) containing 9% (w/v) sucrose and 

administered to mice the same day as prepared. Endotoxin levels were determined using 

QCL 1000™ Limulus Amebocyte Lysate test kit (LONZA, Basel, Switzerland).

Preparation of Silicone Oil Emulsions at High Concentration

High concentration silicone oil emulsions were prepared using an Emulsiflex™ C5 high 

pressure homogenizer (Avestin, Inc., Ottawa, Canada). The procedure of Ludwig et al.29 

was followed with minor modifications. A 5% (v/v) silicone oil in deionized water mixture 

was sheared at 30,000 rpm for 15 min using a 20 mm shaft Virtishear rotor/stator (The 

VirTis Company, Gardiner, New York). Immediately after shearing, the mixture was passed 

seven-times through the Emulsiflex™ C5 at a pressure that oscillated from 1,000 to 3,000 

psi. The silicone oil in water emulsion was then collected in a glass bottle and stored at 4°C 

for up to 2 weeks. The particle size distribution of silicone oil microdroplets in the emulsion 

was determined using a Beckman Coulter LS230 (Fullerton, California) as described 

previously.29 Zeta potential measurements were taken as described previously31 with a 

Malvern Zetasizer Nano ZS (Worcestershire, United Kingdom).

Preparation of Silicone Oil Emulsions from Commercial Syringes

Low concentration silicone oil emulsions were created directly from commercially available 

siliconized syringes (BD Lo-Dose™ U-100 insulin syringes, Becton-Dickinson, Franklin 

Lakes, New Jersey). Siliconized syringes were filled with 20 mM sodium phosphate buffer 

(pH 7.4) containing 9% (w/v) sucrose and were sonicated for 2 h using a Branson 3510 

sonicator (Danbury, Connecticut). This treatment emulsified silicone oil from the syringe 

barrel walls into the buffer. The resulting silicone oil-in-buffer emulsions from each syringe 

were then expelled into a glass vial for storage at 4°C for up to 1 h until use. Silicone oil 

microdroplets in the emulsions that were prepared in commercial syringes were too dilute 

for analysis with a Beckman Coulter LS230; instead, droplet size distributions in these 

samples were determined using dynamic light scattering. Samples were loaded into a 12 μL 

quartz fluorometer cell (Starna Cells Inc., Atascadero, California). Measurements were 

taken in triplicate using a DynaPro Dynamic Light Scattering instrument (Wyatt/ 

ProteinSolutions, Dernbach, Germany) and analyzed using Dynamics V6™ version 6.3.40 

software (Proterion Corp., Piscataway, New Jersey). A minimum of 15 acquisitions of 10 

seconds were collected for each sample at a controlled temperature of 20°C.
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Characterization of Silicone Oil Concentration

The silicone oil concentration in the emulsion was determined as described previously,29 

with minor modifications. Silicone oil was extracted into hexane and then analyzed by 

Fourier transform infrared (FTIR) spectroscopy. Equal volumes (1 mL) of silicone oil 

emulsion and hexane were combined in 10 mL glass tubes and prepared in triplicate. 

Samples were vortexed for 1 min and then centrifuged at 1,200g for 1 h at room 

temperature. After centrifugation, samples were vortexed for 1 min and then loaded onto a 

VariGATR™ crystal (Harrick Scientific Products Inc., Pleasantville, New York). Hexane 

was allowed to evaporate before the absorbance was measured at 1220 -1300 cm-1 using a 

Nicolet 6700 FT-IR spectrometer and OMNIC 8.3 software (Thermo Scientific, Waltham, 

Massachusetts). Silicone oil concentrations in the emulsions were quantified by comparison 

of the area under the peak at 1260 cm-1 to a standard curve.40 The standard curve ranged 

from 0.099 mg/mL to 0.78 mg/mL, and standards were measured in quadruplicate. The area 

under the peak for standards and silicone oil emulsion samples were determined by 

integration using GRAMS/AI software version 9.1 (Thermo Fisher Scientific Inc., Waltham, 

Massachusetts).

Adsorption of OVA to Microdroplets

Emulsions of silicone oil microdroplets or suspensions of alum microparticles were added to 

OVA formulations. A 1:2 mixture (v/v) of OVA stock solution to silicone oil emulsion was 

prepared in order to achieve a final OVA concentration of 0.25 mg/mL in 20 mM sodium 

phosphate buffer (pH 7.4) containing 9% (w/v) sucrose. For OVA formulations that 

contained alum, a 1:5 mass ratio of OVA to alum was prepared. Samples containing OVA 

and particles were transferred into 1.5 mL microcentrifuge tubes with a total volume of 1 

mL in each tube and rotated end-over-end at 8 rpm for 1 h at room temperature to allow the 

OVA to adsorb to the particles. OVA formulations that contained silicone oil microdroplets 

or alum microparticles were administered to mice the same day as prepared.

To determine the fraction of protein adsorbed to particles, each sample was centrifuged to 

separate particles from the aqueous phase. Samples that contained alum were centrifuged at 

3,000g for 10 min at 4°C and supernatant was collected for analysis. Samples that contained 

silicone oil microdroplets were centrifuged at 20,000g for 45 min at 4°C to separate oil and 

aqueous phases. A volume of 0.2 – 0.3 mL of the aqueous subnatant phase was collected 

from the bottom of each tube using a needle and syringe. Subsequently, the samples were 

analyzed in triplicate using size-exclusion high-performance liquid chromatography (SE-

HPLC) to quantify the amount of monomer remaining in solution. Adsorbed OVA amounts 

were estimated by mass balance.

Size-Exclusion High-Performance Liquid Chromatography

SE-HPLC was used to identify the amount of monomer and high molecular weight species 

in samples. A TSKgel G3000SWXL column (TOSOH Biosciences, Montgomeryville 

Pennsylvania) was used with a Beckman System Gold® HPLC (Beckman Coulter, Fullerton, 

California). The mobile phase consisted of phosphate buffered saline (PBS) composed of 

11.9 mM phosphates, 137 mM sodium chloride, 2.7 mM potassium chloride (pH 7.4). The 

flow rate used was 0.8 mL/min, and 100 μL of each sample were injected into the column. 
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The absorbance of the eluent was monitored at 280 nm using a System Gold® 168 detector 

and 32 Karat™ analysis software. Chromatograms were analyzed in GRAMS/AI software 

version 9.1 (Thermo Fisher Scientific Inc., Waltham, Massachusetts). Areas under peaks 

were determined by integration. The fraction of protein adsorbed to silicone oil 

microdroplets or alum microparticles was determined by the following equation:

(1)

Control samples consisted of protein samples without silicone oil microdroplets or alum 

microparticles and were treated identically to protein samples that contained particles.

Particle Analysis (FlowCAM)

Particle concentrations in samples administered to mice were measured using FlowCAM® 

(Fluid Imaging Technologies, Scarborough, Maine), a microflow digital imaging technique 

that detects particles between 2-100 μm. The protocol followed is previously described in 

Gerhardt et al.34 Samples were measured in triplicate.

Intrinsic Fluorescence Quenching of Adsorbed OVA

Tertiary structural changes in OVA following adsorption to particles or microdroplets were 

monitored using intrinsic fluorescence quenching of OVA tryptophan residues. An SLM 

Aminco Fluorimeter (SLM Instruments, Urbana, Illinois) was used to monitor the 

fluorescence intensity. The protocol followed was previously described in Gerhardt et al.30 

Samples and controls included native OVA, OVA adsorbed to emulsified silicone oil 

microdroplets, OVA adsorbed to alum microparticles, and OVA unfolded in 8 M Urea 25 

mM DTT at a concentration of 0.2 mg/mL. Samples were analyzed in triplicate. To 

determine the extent of fluorescence quenching, data were graphed in the form of a Stern-

Volmer plot according to the equation:

(2)

where F0 is fluorescence intensity at the emission maximum in the absence of quencher, F is 

the fluorescence intensity at the emission maximum in the presence of quencher 

(acrylamide), [Q] is the quencher concentration, and KSV is the Stern-Volmer constant. 

Stern-Volmer constants (KSV) were obtained from the initial slope of the plot and indicate 

the relative accessibility of solvent to tryptophan residues in the protein.

Immunogenicity Testing in Animals

Animal experiments described in protocol 1210.03 were approved by the University of 

Colorado Institutional Animal Care and Use Committee. Adult female CB6F1 (BALB/c × 

C57 BL/6) mice greater than six weeks of age were purchased from Charles River 

Laboratories, Inc. (Wilmington, Massachusetts). Four or five mice were housed in each 

sterile, air-filtered cage with food and water available ad libitum. Mice were allowed to 

acclimate for a minimum of one week before the start of the study. Subcutaneous injections 

were administered to mice in the scruff of the neck on days 1 and 15. Samples were 
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administered using non-siliconized syringes, and each injection of 200 μL contained 50 μg 

of OVA. Groups of five to eight mice were treated with OVA, OVA that contained 

emulsified silicone oil microdroplets at 3.2 ± 0.5 mg/mL, OVA that contained syringe-

extracted silicone oil microdroplets at 0.11 ± 0.03 mg/mL, and OVA that contained alum 

microparticles at 1.25 mg/mL. Also, control groups of mice were injected with buffer or 

with protein-free buffer that contained emulsified silicone oil microdroplets. Submandibular 

blood draws were performed before the start of the study to serve as a baseline for each 

mouse, as well as on day 11 and 29 to capture primary and secondary immune responses. 

Blood samples were collected in sterile microcentrifuge tubes and placed on ice. 

Subsequently, samples were centrifuged at 15,000 rpm for 10 min at 4°C. Serum was then 

obtained and stored in aliquots at -80°C until further analysis.

Anti-OVA ELISA

Antibodies specific to OVA were measured using indirect ELISA. Immulon® 4HBX plates 

were coated with 10 μg/mL OVA in 20 mM Tris at pH 8.5 (100 μL/well) and incubated 

overnight at room temperature with gentle agitation. Plate wells were drained and then 

treated with 300 μl of blocking solution (PBS (pH 7.4), 2% BSA, 0.05% Tween 20®) for 1.5 

h. Plates were washed three times with wash buffer (PBS, 0.05% Tween 20®) using an EL 

x50 plate washer (BioTek, Winooski, Vermont). Dilution buffer (PBS (pH 7.4), 2% BSA, 

0.05% Tween 20®) was then added to plates (50 μL/well). Serum samples were pretreated in 

300 mM acetic acid for 1 h.41 After pH adjustment to 7.4 with 1 M Tris buffer (pH 9.5), 50 

μL of diluted serum samples were immediately transferred to the first row of the plate. 

Samples were serially diluted down the plate in dilution buffer and incubated for 1 h. Plates 

were washed five times with wash buffer. Next, goat anti-mouse antibodies conjugated to 

horseradish peroxidase of subclass IgG1, IgG2a, IgG2b, IgG2c, IgG3, or IgM were diluted 

in blocking solution and added to the wells (50 μL/well). The CB6F1 (the F1 generation 

from a BALB/c × C57BL/6 cross) mouse strain can produce both IgG2a and IgG2c 

immunoglobulin isotypes as the IgG2a immunoglobulin isotype is encoded by the parental 

BALB/c mouse strain and the IgG2c isotype is derived from the C57BL/6 strain. After 

secondary incubation for 1 h, the plates were washed five times. Substrate solution 1-Step™ 

Ultra TMB was added (50 μL/well). After 25 min, the reaction was stopped by addition of 

30 μl of 0.5 M sulfuric acid. Absorbance was measured at 450 nm using a Vmax® 

microplate reader (Molecular Devices Corporation, Sunnyvale, California). Absorbance 

values were used to determine endpoint titers for each mouse. We defined endpoint titer as 

the reciprocal of the highest dilution that gave a signal above the cutoff. Cutoff values were 

calculated for each mouse using pretreatment blood drawn at day 0 and a statistically 

defined endpoint titer determination method published previously.42 For graphical 

presentation, murine serum samples with absorbance values less than the cutoff value were 

assigned an arbitrary titer value of one.

Statistical Analysis

SigmaPlot® 12.2 software (Systat Software Inc., San Jose, California) was used to perform 

statistical analyses. Nonparametric Mann Whitney tests were performed to determine 

statistical differences in titer values between experimental groups. The sample size for each 
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experimental group was equal to eight. Differences between experimental groups with p 

values less than 0.05 were considered significant.

RESULTS

Characterization of Silicone Oil Emulsions and Alum Microparticles

Silicone oil emulsions were created by two different methods. In the first method, emulsions 

containing relatively high concentrations of silicone oil were created using a high pressure 

homogenizer and are referred to as “emulsified silicone oil” microdroplets. In the second 

method, lower concentration silicone oil emulsions were created that contained levels of 

silicone oil equivalent to those found in a commercial syringe. Silicone oil microdroplets 

were emulsified directly from the syringe barrel of commercial siliconized syringes using 

sonication and are referred to as “syringe-extracted silicone oil” microdroplets. The 

concentration of silicone oil in each of the two types of emulsions was determined using 

Fourier transform infrared (FTIR) spectroscopy. In emulsions created by sonicating 

commercially-available siliconized syringes, the silicone oil concentration was 0.16 ± 0.05 

mg/mL. In contrast, emulsions prepared using a high pressure homogenizer contained 5.4 ± 

0.8 mg/mL silicone oil.

Laser diffraction analysis was used to obtain the particle size distributions of silicone oil 

microdroplets in the emulsion and of alum microparticles in suspension (Figure 1). The 

mean diameters of emulsified silicone oil microdroplets and alum microparticles were 0.111 

± 0.002 μm and 0.100 ± 0.001 μm, respectively. As determined by DLS, the mean diameters 

of syringe-extracted silicone oil microdroplets and emulsified silicone oil microdroplets 

were 0.140 ± 0.020 μm and 0.130 ± 0.040 μm, respectively. The zeta potentials of 

emulsified silicone oil microdroplets in water ranged from -73 mV to -85 mV. The highly 

negative zeta potential confirmed that the silicone oil emulsions were colloidally stable, as 

shown previously.29, 31

Characterization of OVA Formulations containing Microparticles

Using SE-HPLC, no soluble high molecular weight species (HMWS) were detected in OVA 

formulations with or without silicone oil microdroplets or alum microparticles (data not 

shown). In OVA formulations that contained emulsified silicone oil microdroplets at 3.2 ± 

0.5 mg/mL, the fraction of protein adsorbed to silicone oil microdroplets was 0.5 ± 0.2 

(0.125 ± 0.050 mg protein adsorbed/mL). The fraction of protein adsorbed to silicone oil 

microdroplets was 0.10 ± 0.07 (0.025 ± 0.018 mg protein adsorbed/mL) in OVA 

formulations that contained syringe-extracted silicone oil microdroplets at a lower 

concentration of 0.11 ± 0.03 mg/mL. In samples that contained syringe-extracted silicone oil 

microdroplets, the majority of protein administered to mice was unadsorbed and remained in 

solution because the relatively low concentration of silicone oil microdroplets in these 

emulsions provided insufficient surface area for adsorption of a significant amount of the 

protein. For samples that contained alum microparticles at 1.25 mg/mL, the fraction of 

protein adsorbed was 0.16 ± 0.05 (0.04 ± 0.01 mg protein adsorbed/mL). Figure 2 displays 

particle concentrations in samples for injection measured using microflow digital imaging 

with FlowCAM®. After filtration and ultracentrifugation of formulations of OVA to 
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minimize particles, concentrations were reduced to ~100 particles/mL. After addition of 

silicone oil microdroplets or alum microparticles to OVA formulations, concentrations of 

particles in the micron range increased by three to five orders of magnitude to 106 - 108 

particles/mL.

Endotoxin levels43 for formulations of buffer, buffer that contained emulsified silicone oil 

microdroplets, and OVA were 0.1 EU/mL, 0.7 EU/mL, and 0.3 EU/mL, respectively. 

Endotoxin levels for formulations of OVA that contained emulsified silicone oil 

microdroplets, OVA formulations that contained syringe-extracted silicone oil 

microdroplets, and OVA formulations that contained alum were 1.0 EU/mL, 0.6 EU/mL, 

and 1.7 EU/mL, respectively.

Tertiary Structure Changes of Adsorbed OVA Using Intrinsic Fluorescence Quenching

The Stern-Volmer plots for native OVA, OVA adsorbed to emulsified silicone oil 

microdroplets, OVA adsorbed to alum, and OVA unfolded in 8 M urea 25 mM dithiothreitol 

are shown in Figure 3. Stern-Volmer constants (Ksv) were obtained from the initial slope of 

the plot and indicate the relative accessibility of solvent to tryptophan (Trp) residues in the 

protein. As expected, the Stern-Volmer constant of unfolded OVA (Ksv = 8.7 ± 0.1) was 

substantially higher than that of native OVA (Ksv = 3.2 ± 0.1), indicating a greater solvent 

accessibility to Trp residues when the protein is unfolded. When OVA was adsorbed to 

silicone oil, the Stern-Volmer constant was larger (Ksv = 5.9 ± 0.8) than that for native 

OVA. This suggests an increase in solvent accessibility to OVA Trp residues and a 

perturbation in the tertiary structure of the protein adsorbed to silicone oil. The Stern-

Volmer constant of OVA adsorbed to alum (Ksv = 3.5 ± 0.1) was similar to that of native 

OVA indicating a minimal change in tertiary structure when adsorbed.

Immunogenicity of OVA Formulations Containing Silicone Oil at High Concentration

Table 1 shows the number of mice in each group after the final injection at day 29 showing 

anti-OVA antibodies for mice treated with buffer, buffer that contained emulsified silicone 

oil microdroplets, OVA, and OVA that contained emulsified silicone oil microdroplets. As 

expected, groups of mice injected with buffer or buffer that contained emulsified silicone oil 

microdroplets did not exhibit an antibody response. At least half of the mice treated with 

OVA alone showed IgG1 and IgG3 antibodies against OVA and over one third of the mice 

produced anti-OVA IgG2b and IgM. Anti-OVA IgG2a or IgG2c antibodies were not 

detected in mice treated with OVA alone. When emulsified silicone oil microdroplets were 

present in in OVA formulations, all six antibody subclasses were detected and 100% of the 

mice produced an IgG1 antibody response. Anti-OVA antibody titers for each mouse after 

the final injection at day 29 are shown in Figure 4. When administered with emulsified 

silicone oil microdroplets, OVA formulations elicited strong anti-OVA IgG1 and IgG2a 

antibody responses (Figures. 4a - 4b) that were significantly increased relative to mice 

injected with OVA alone at day 29 (p = 0.002, p = 0.032, Table 3). No significant 

differences in anti-OVA titers for IgG2b, IgG2c, IgG3, and IgM at day 29 were detected 

after the addition of emulsified silicone oil microdroplets to OVA formulations (Figures. 4c 

- 4f, Table 3). No significant differences in anti-OVA titers were detected at day 11 for any 

isotype tested. Total IgG concentrations measured by ELISAs did not change over time 
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within error and were independent of treatment indicating that antigen non-specific B cell 

stimulation (e.g. by endotoxin) and subsequent antibody production did not contribute to 

these responses. Thus, our results showed that addition of silicone oil microdroplets to OVA 

formulations provoked a robust antibody response against OVA in mice.

Immunogenicity of OVA Formulations Containing Alum or Silicone Oil from Commercial 
Syringes

Table 2 shows the number of mice in each group after the final injection at day 29 showing 

anti-OVA antibodies for mice treated with formulations of OVA, OVA that contained 

emulsified silicone oil microdroplets, OVA that contained syringe-extracted silicone oil 

microdroplets, and OVA that contained alum microparticles. For mice treated with OVA 

formulations that contained emulsified silicone oil microdroplets or alum microparticles, all 

six antibody subclasses were detected and 100% of mice from both groups produced an 

IgG1 antibody response. Anti-OVA antibody titers for mice treated with the various OVA 

formulations after the final injection are shown in Figure 5. Mice treated with OVA 

formulations that contained alum microparticles also produced higher IgG1 and IgG2a titers 

relative to mice injected with OVA alone (p > 0.001, p = 0.076, Table 3). The strong IgG1 

and IgG2a responses elicited by OVA formulations that contained alum microparticles were 

equivalent to those observed when emulsified silicone oil microdroplets were added to the 

OVA formulations (Figure 5a - 5b, Table 3). Anti-OVA IgG2b titers were also similar 

between mice treated with OVA formulations that contained alum microparticles or silicone 

oil microdroplets (Figure 5c, Table 3). Addition of silicone oil microdroplets or alum 

microparticles did not significantly enhance the IgG2c, IgG3, or IgM response relative to 

mice injected with OVA alone at day 29 (Figure 5d - 5f, Table 3). No significant increase in 

anti-OVA titers were detected at day 11 for any isotype tested. Our findings showed that 

silicone oil microdroplets can act as a potent adjuvant when compared to alum.

We also compared the antibody response to OVA formulations that contained relatively low 

levels of silicone oil that were directly emulsified from the barrel of commercial siliconized 

syringes against responses to OVA formulations prepared with higher-concentration silicone 

oil emulsions made using a high-pressure emulsifier. Similar numbers of mice responded 

when injected with OVA formulations that contained syringe-extracted silicone oil 

microdroplets or with OVA formulations that contained emulsified silicone oil 

microdroplets (Table 2), but anti-OVA titers for mice injected with syringe-extracted 

silicone oil microdroplets were not enhanced significantly relative to mice injected with 

OVA alone (Figure 5, Table 3). Thus, the anti-OVA antibody response was dependent on 

the concentration of silicone oil microdroplets in OVA formulations.

DISCUSSION

To determine if silicone oil was capable of acting as an adjuvant, we first measured the 

antibody response in mice injected with oil-free OVA formulations and OVA formulations 

that contained emulsified silicone oil microdroplets at high concentration. As expected, 

OVA provoked an antibody response in mice because OVA is not endogenously expressed 

in mice and thus is recognized as foreign.44 However, when administered with emulsified 

Chisholm et al. Page 11

J Pharm Sci. Author manuscript; available in PMC 2016 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



silicone oil microdroplets, OVA formulations elicited more robust anti-OVA IgG1 and 

IgG2a responses in mice relative to those produced by injection of oil-free OVA 

formulations. Thus, our findings show that silicone oil microdroplets can act as an adjuvant 

to provoke antibody responses against OVA. It is important to note that the concentration of 

silicone oil present in our high-concentration silicone oil formulations is about five to ten-

times the amount found in commercial siliconized syringes.45

We compared antibody responses against formulations that contained emulsified silicone oil 

microdroplets to responses against formulations that contained alum, the common vaccine 

adjuvant. OVA formulations that contained either silicone oil microdroplets or alum 

microparticles produced equivalent anti-OVA antibody responses, suggesting that silicone 

oil microdroplets are as potent as that of the vaccine adjuvant, alum. In the development of 

vaccine formulations, where production of antibodies against the antigen is desired, particle-

based adjuvants that adsorb antigen are commonly added to formulations to increase the 

immunogenicity of the antigen.46 Multiple mechanisms of action for these adjuvants have 

been proposed. It has been postulated that particle-based adjuvants can increase antigen 

persistence at the injection site which can enhance uptake of antigen by antigen presenting 

cells.46 Alum can also stimulate an immune response by activation of the NLRP3 

inflammasome pathway and production of proinflammatory cytokines.47 Alum is known to 

induce a T-cell-dependent immune response that results in production of IgG1 and IgG2a 

antibodies.48-50 In our study, mice treated with OVA formulations that contained alum 

produced an antibody response consistent with a T-cell-dependent immune response. The 

enhanced IgG1 and IgG2a responses exhibited in mice treated with OVA formulations that 

contained silicone oil microdroplets also is consistent with a T-cell-dependent immune 

response.

The adjuvant potential of emulsions composed of oil and water has been known for 

decades.46 Complete Freund’s adjuvant (CFA) and incomplete Freund’s adjuvant (IFA) are 

emulsions that contain a high oil content. They are not approved for use in humans due to 

safety issues, but have been commonly used in animal models. MF59, which is a 4% (v/v) 

oil in water emulsion, is an emulsion-based vaccine adjuvant that is approved for use in 

Europe. MF59 is similar in composition and mean particle size (160nm) to the formulations 

used in our studies that contained emulsified silicone oil microdroplets.51 Studies by Singh 

et al.52 showed that MF59 was more potent at generating antibodies than alum for a variety 

of antigens including bacterial toxoids, polysaccharide conjugates, and recombinant antigens 

in mice. Our studies showed that silicone oil produced an IgG1 response indistinguishable 

from that produced by alum.

In our studies, one important difference between OVA formulations that contained silicone 

oil microdroplets compared with OVA formulations that contained alum microparticles was 

that adsorption to the silicone oil microdroplets induced structural perturbations in OVA, 

whereas OVA adsorbed to alum retained near-native structure, in agreement with previous 

literature.20, 21, 30, 37 Conformational changes that occur to protein adsorbed to particles may 

influence immunogenicity7, perhaps by creating or exposing new conformational epitopes 

that have higher potential to elicit an immune response. Similar antibody responses against 

the native form of OVA were detected in mice administered with OVA formulations that 
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contained emulsified silicone oil microdroplets or alum microparticles despite the 

differences in protein conformational changes in the samples. Also, although the mean 

particle sizes within our formulations containing silicone oil microdroplets were similar to 

those in formulations containing alum microparticles, the concentrations of particles with 

sizes greater than 2 microns were two orders of magnitude higher in the silicone oil-

containing formulations than in the alum-containing formulations. The concentration of 

particles may influence the level of response. In earlier studies, samples with the highest 

particle concentration resulted in the strongest immune response.14, 15

Because the concentration of silicone oil in our emulsified silicone oil samples was higher 

than the amount found in commercial siliconized syringes, we evaluated the antibody 

response of OVA formulations that contained lower levels of silicone oil equivalent to the 

amount in commercial syringes. Our studies showed that the level of antibody response is 

dependent on the concentration of silicone oil microdroplets in the formulation. Similar 

numbers of mice responded when injected with OVA that contained the lower-concentration 

syringe-extracted silicone oil or the higher-concentration emulsified silicone oil 

microdroplets, but antibody responses to formulations of OVA that contained syringe-

extracted silicone oil were not enhanced significantly compared to responses against OVA 

alone. The strong antibody response elicited by OVA formulations with emulsified silicone 

oil microdroplets contained higher particle concentrations and a considerably larger amount 

of conformationally perturbed OVA was adsorbed to silicone oil microdroplets compared to 

formulations that contained syringe-extracted silicone oil microdroplets. Our study does not 

allow us to discern if the enhanced immune response was due to increased particle 

concentrations, the fraction of adsorbed and structurally perturbed protein in the 

formulation, or both. Also, the relatively high background immune response to OVA alone 

made any enhancement of the immune response due to added silicone oil microdroplets 

harder to distinguish with the sample size that was used.

It is possible that levels of silicone oil present in commercial syringes could provoke an 

immune response. Because our samples were injected the same day as prepared for our 

study, the exposure time of OVA to silicone oil microdroplets was minimal (>8 hours). 

Typical shelf lives for prefilled syringe products are at least one year.24 Therefore, 

therapeutic proteins in prefilled syringes are exposed to silicone oil for longer times which 

could increase the immunogenicity of the drug product.

The robust IgG1 and IgG2a responses and weak IgG2b, Ig2c, and IgG3 responses elicited by 

silicone oil microdroplets are characteristic of a T-cell-dependent immune response. The 

immune system can also be activated by a T-cell-independent B cell activation mechanism 

which is associated with higher levels of IgG3 in the mouse.53 In our studies, addition of 

silicone oil microdroplets to OVA formulations did not significantly increase IgG3 titers 

relative to OVA alone, suggesting that silicone oil does not act in a T-cell independent 

fashion to enhance the immunogenicity of proteins. Likewise, formulations that contained 

silicone oil microdroplets did not generate significant IgG2b or IgG2c responses, which are 

effective anti-pathogen immunoglobulin isotypes.54, 55 An IgM response is indicative of an 

early response secreted by newly exposed B cells that have not undergone isotype 

switching.56 At the end of the study, no significant IgM responses were detected, likely 
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reflecting the relatively late time point, by which isotype switching to IgG had already 

occurred.

CONCLUSION

Silicone oil that is used as a lubricant in prefilled syringes can be expelled into drug 

products in the form of suspended microdroplets. In this study, we found that the presence of 

silicone oil microdroplets in OVA formulations caused structural perturbations in the protein 

which were detected after only relatively short periods of exposure to silicone oil-water 

interfaces. Administration of OVA formulations that contained silicone oil microdroplets 

served to provoke the antibody response against OVA in mice. For proteins such as OVA 

that contain foreign epitopes, silicone oil can act as a potent immunological adjuvant. The 

level of response depends on the concentration of silicone oil microdroplets present in 

formulations and/or the amount of structurally perturbed protein adsorbed to the 

microdroplets. OVA formulations containing high concentrations of silicone oil 

microdroplets generated immune responses similar to those generated in response to alum-

containing OVA formulations. Thus, in order to decrease the risk of an unwanted immune 

response to therapeutic protein products, it may be important to minimize the amount of 

silicone oil that can be injected into patients.
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Figure 1. 
The number-weighted particle size distribution of a silicone oil in water emulsion (a) and a 

suspension of alum microparticles (b) was determined using laser diffraction. The mean 

diameter of silicone oil microdroplets in the emulsions and alum microparticles in 

suspension was 0.111 ± 0.002 μm and 0.100 ± 0.001 μm, respectively.
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Figure 2. 
Particle concentrations in formulations of buffer, OVA, buffer that contained emulsified 

silicone oil microdroplets, OVA that contained emulsified silicone oil microdroplets, OVA 

that contained syringe-extracted silicone oil microdroplets, and OVA formulations that 

contained alum. Particle concentrations were measured by FlowCAM® which detects 

particles between 2 - 100 μm in the formulations that were injected into mice on day 1 

(solid) and day 15 (striped). Particle concentrations were three to five orders of magnitude 

higher for formulations that contained silicone oil microdroplets and alum microparticles 

compared to formulations of buffer or OVA. Error bars represent the standard deviation 

from the average of three replicates.
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Figure 3. 
Stern-Volmer plots of inverse relative fluorescence vs. acrylamide concentration for native 

OVA (circles), OVA adsorbed to silicone oil microdroplets (triangles), OVA adsorbed to 

Alum (diamonds), and OVA unfolded in 8 M Urea 25 mM DTT (squares). Stern-Volmer 

constants were obtained from the slope of the initial linear portion of the plot. Error bars 

represent the standard deviation from the average of three replicates.
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Figure 4. 
Anti-OVA antibody titers for mice treated with formulations of buffer, buffer that contained 

emulsified silicone oil microdroplets, OVA, and OVA that contained emulsified silicone oil 

microdroplets at day 29 for IgG1 isotype (a), IgG2a isotype (b), IgG2b isotype (c), IgG2c 

isotype (d), IgG3 isotype (e) and IgM isotype (f). Each data point represents the titer value 

of an individual mouse. Bars represent the average titer of mice that responded within that 

group.
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Figure 5. 
Anti-OVA antibody titers for mice treated with formulations of OVA, OVA that contained 

emulsified silicone oil microdroplets (OVA+SO), OVA that contained syringe-extracted 

silicone oil microdroplets (OVA+SO-S), and OVA that contained alum (OVA+Alum) at day 

29 for IgG1 isotype (a), IgG2a isotype (b), IgG2b isotype (c), IgG2c isotype (d), IgG3 

isotype (e) and IgM isotype (f). Each data point represents the titer value of an individual 

mouse. Bars represent the average titer of mice that responded within the group.
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Table 3

Calculated p Values for Anti-OVA Antibody Titers at Day 29 Between Experimental Groups

Isotype Formulation OVA + emulsified SO OVA + syringe-extracted SO OVA + alum

IgG1 OVA 0.002 0.219 <0.001

OVA + emulsified SO 0.011 NS

IgG2a OVA 0.032 0.382 0.076

OVA + emulsified SO 0.11 NS

IgG2b OVA 0.16 NS <0.001

OVA + emulsified SO 0.16 0.485

IgG2c OVA 0.171 NS 0.382

OVA + emulsified SO 0.171 NS

IgG3 OVA NS NS NS

OVA + emulsified SO NS NS

IgM OVA NS 0.076 NS

OVA + emulsified SO 0.17 0.247

NS, not significant
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