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Abstract
Polysorbates (PS) are nonionic surfactants that are commonly included in protein formulations to mitigate the formation 
of interfacial stress-induced protein particles and thus increase their long-term storage stability. Nonetheless, factors that 
dictate the efficiency of different polysorbates in mitigating protein particle formation, especially during the application of 
interfacial stresses, are often ill defined. Here, we used a Langmuir trough to determine the surface activity of two IgG1 
monoclonal antibodies formulated with two different polysorbates (PS20 and PS80) when subjected to interfacial dilatational 
stress. Interfacial properties of these formulations were then correlated with characterization of subvisible protein particles 
measured by micro-flow imaging (MFI). Both mAbs, when formulated in PS20, demonstrate faster adsorption kinetics and 
higher surface activity compared to PS80 or surfactant-free formulations. Compression/expansion results suggest that when 
exposed to interfacial dilatational stresses, both mAb/PS20 formulations display interfacial properties of PS20 alone. In 
contrast, interfacial properties of both mAb/PS80 formulations suggest mAbs and PS80 are co-adsorbed to the air–water 
interface. Further, MFI analysis of the interface and the bulk solution confirms that PS20 is more effective than PS80 at 
mitigating the formation of larger particles in the bulk solution in both mAbs. Concomitantly, the efficiency of PS to prevent 
interface-induced protein particle formation also depended on the protein’s inherent tendency to aggregate at a surfactant-free 
interface. Together, the studies presented here highlight the importance of determining the interfacial properties of mAbs, 
surfactants, and their combinations to make informed formulation decisions about the choice of surfactant.

Keywords  air–water interface · interface-induced protein particle formation · interfacial dilatational stress · protein 
aggregation

Introduction

Monoclonal antibody (mAb) therapeutics represent a notable 
class of marketed drug products that are capable of effec-
tively treating a large variety of diseases ranging from auto-
immune diseases to oncology, to neurogenerative disease, 
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and to, most recently, COVID-19 [1, 2]. However, the physi-
cal and chemical stability of mAbs is often compromised 
due to exposure to mechanical and chemical stresses dur-
ing the manufacturing, shipping, storage, and administra-
tion processes. Stress-induced protein degradation pathways 
ultimately result in the formation of subvisible and visible 
particles [3]. Degradation of mAbs and formation of protein 
particle aggregates may reduce a drug product’s safety and 
efficacy, cause adverse side effects, and trigger unwanted 
immune responses when administered to patients [4, 5]. As 
a result, the United States Pharmacopeia (USP) requirements 
for standard subvisible particle tests require that particu-
lates > 10 and > 25 µm in size be controlled below certain 
levels (in 100 mL solution, there should be less than 6000 
particles for particles in the size range greater than10 µm 
and less than 600 particles for particles greater than 25 µm) 
and stress that analysis of number, size, and morphology 
of protein particulates is critically important [4, 6]. More 
recently, there has also been consensus that subvisible parti-
cles < 10 µm should also be assessed due to similar concerns 
of loss of efficacy and enhanced immunogenicity. Therefore, 
understanding and employing mitigation strategies to control 
protein degradation and formation of subvisible and visible 
particulates have become a focus for the biotechnology and 
academic sectors [4, 7].

Protein degradation and subsequent particulate formation 
can be induced by a variety of mechanisms. Aggregation of 
proteins in the bulk solution has been extensively studied 
and has been shown to depend on temperature and solution 
conditions (pH, buffer type, and ionic strength). Addition-
ally, the role of the air–water (a/w) interface in inducing 
formation of protein particles, while less understood, is 
acknowledged as playing a significant role in protein par-
ticle formation. As a result, the most common mitigation 
strategy to reduce interfacial stress-induced protein particle 
formation in protein therapeutic formulations is the inclusion 
of surfactants [8–11].

Typically, nonionic surfactants such as polysorbate 20 
(PS20) and polysorbate 80 (PS80) are added to protein ther-
apeutic formulations to decrease aggregation and mitigate 
subvisible and visible particle formation when subjected 
to various stress conditions [12–15]. While the ability of 
polysorbates to mitigate protein particle formation is well 
documented in literature, the details of how the surfactants 
prevent protein aggregation at the interface are not fully 
understood. It has been proposed that surfactants protect 
mAbs from aggregating into larger structures by either 
preferentially adsorbing to the a/w interface or by form-
ing protein-surfactant complexes which prevent interfacial 
adsorption of protein molecules [14, 16–18]. Recent find-
ings by Kanthe et. al support that competitive adsorption 
between the surfactant. Additionally, studies have shown 
that surfactants prevent the formation of an interfacial gel 

layer in a variety of protein solutions [19–21] at air–water 
and liquid–liquid interfaces. However, recent studies have 
shown that the level of protection may depend on the type 
of surfactant used in the formulation, which in turn impacts 
the competitive adsorption of the surfactant and the proteins 
to the air–water interface [18, 22, 23].

In our previous work, we applied a Langmuir trough-
based approach to understand how surfactants mitigate 
interface-induced particle formation in mAb solutions when 
formulated with different grades of PS80 [24]. A Langmuir 
trough allows for application of dilatational stress to the 
interface alone without disturbing the bulk solution. Cor-
relating changes in the interfacial properties with a complete 
analysis of protein particle formation allowed us to gain fun-
damental insight into the process of interface-induced pro-
tein particle formation. Our results showed that dilatational 
stress isolated at the air–water interface in mAb solutions 
led to a dramatic increase in subvisible and visible particles 
in the bulk. Addition of PS80 to these formulations signifi-
cantly decreased the number of larger particles irrespective 
of PS80 grade especially for an mAb that was originally less 
stable at the interface [24].

In the current study, we apply the same techniques and 
analysis in determining the effect of the two different non-
ionic surfactants, namely, PS20 and PS80, on the interfa-
cial properties and the rate of particle formation observed 
in these two mAb formulations. Both types of polysorbates 
are primarily composed of fatty acid esters of polyoxyeth-
ylenesorbitan and are amphiphilic molecules. PS20 and 
PS80 share a common backbone and only have differences 
in their hydrophobic fatty acid side chains where PS20 
contains mostly lauric acid and PS80 contains mostly oleic 
acid. Due to the difference in their chain length and therefore 
their hydrophobicity, these surfactants also demonstrate a 
difference in their interfacial properties and surface activity. 
We investigate the efficacy of PS20 vs. PS80 in preventing 
interface-induced protein particle formation by measuring 
the interfacial response of two different mAbs solutions to 
unstressed and stressed conditions in a Langmuir trough and 
correlating interfacial data with characterization of protein 
particle formation, as measured with MFI techniques.

Materials and Methods

Materials

Monoclonal antibodies (mAb) mAb1(IgG) and mAb2 
(IgG) were provided by Bristol-Myers Squibb (BMS, 
New Brunswick, NJ). mAb1 is formulated in phosphate 
buffer pH 6.5 at ~ 45 mg/mL while mAb2 is formulated 
in histidine buffer at pH 6 at ~ 20 mg/mL. PS20 and PS80 
were purchased from commercial sources and provided by 
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BMS. PS20 (super-refined) was purchased from CRODA 
while PS80 (with > 99.5% oleic acid) was sourced from 
NOF America Corporation. All solutions were made using 
ultrapure water (18.2 MΩ-mm, EMDD Millipore, Biller-
ica, MA). When not in use, all stock solutions of proteins 
and surfactants were stored at 4 °C in a refrigerator in vials 
and protected from light to prevent photodegradation.

Sample Preparation

In this work, a final protein concentration of 0.5 mg/
mL was used for all experiments involving mAbs. This 
concentration was chosen based on previous studies and 
allowed us to perform all the experiments while optimiz-
ing material usage [7, 25]. These studies have also shown 
that low protein concentrations can still result in inter-
facial stress-induced particle formation in mAb formula-
tions, and 0.5 mg/mL solutions of mAb1 and mAb2 were 
prepared fresh each time using filtered PBS buffer at pH 
7.6 to dilute the original stock protein solutions. The mAb 
solutions were then filtered using 0.22 µm sterile Millex-
VV syringe filters (Merck Millipore Ltd., Cork, Ireland) 
that had been washed with 50  mL of ultrapure water. 
Before starting the experiments, filtered mAb solutions 
were temporarily stored in 50 mL falcon tubes (Thermo 
Fisher Scientific, Rochester, NY).

Stock solutions of PS20 and PS80 1% and 10% (w/w) 
were prepared by diluting the original solutions in ultrapure 
water and mixed using a vortex until homogenous. Since 
bubbles were generated during this mixing process, the 
mixed solution was allowed to rest until no bubbles were 
seen. These diluted surfactant solutions were wrapped in 
aluminum foil to prevent photodegradation and stored in a 
4 °C refrigerator until further use.

The appropriate amount of surfactant stock solution was 
spiked into the 0.5 mg/mL mAb solutions to prepare mAb/
surfactant formulations with a surfactant concentration of 
100 ppm and 10 ppm. The prepared samples were gently 
inverted and left undisturbed (for at least 30 min) until used. 
The surfactant concentrations studied here were chosen to 
represent polysorbate concentrations that are above and 
below the critical micelle concentration (CMC) for both 
polysorbates. PS80, with more hydrophobic chains (mono-
oleate vs. mono-laureate), has a lower CMC (13–17 ppm for 
PS80, vs. 60 ppm for PS20) [26, 27]. Typically, polysorbates 
are added in relatively small amounts (0.01 to 1 mg/mL) 
while still ensuring that they are above the CMC. There-
fore, in this work, 100 ppm represents surfactant formula-
tion above CMC. A lower surfactant concentration was also 
studied in this work to represent a lowering of surfactant 
concentration due to dilution or loss of material as a result 
of surfactant degradation.

Langmuir Dilatational Stress Studies

A Langmuir trough (LT) apparatus (Biolin Scientific, Inc., 
Stockholm, Sweden) was used to isolate dilatational stresses 
to the a/w interface of mAb formulations and monitor the 
interfacial properties. Our Langmuir trough holds 39 mL of 
solution and is equipped with two moveable Delrin barri-
ers that can be used to apply stress only to the interface, by 
changing the barrier position. The trough has an interfacial 
area of 7750 mm2 when the barriers are fully expanded and 
an area of 1650 mm2 when the barriers are fully compressed. 
A Wilhelmy plate (filter paper, Whatman, GE Healthcare 
UK Limited, Little Chalfont, Buckinghamshire) attached to 
the LT allows monitoring changes in surface pressure (SP) 
of the sample of interest during the compression and expan-
sion cycles. Prior to performing any experiments, the trough, 
the barriers, and all associated accessories were washed 
several times with acetone, isopropanol, and ultrapure 
water. After the washing steps were completed, the SP of a 
clean a/w interface was recorded as the barriers were com-
pressed slowly to ensure that the SP was below 0.3 mN/m 
throughout.

After cleaning the trough, the prepared mAb1 and mAb2 
samples at 0.5 mg/mL formulated either with PS20 or PS80 
were poured into the trough, and the evolution of the SP 
with time was recorded over the course of 2 h to allow pro-
teins sufficient time to adsorb to the interface. After 2 h, the 
LT was programmed to compress the air–water interface 
with the Delrin barriers at a rate of 150 mm/min for 750 
compression/expansion cycles lasting a total of 6 h. After 
the compression/expansion cycles, 8–10 mL of the solution 
was extracted from the sub-phase using a syringe and a 20G 
needle (Thermo Fisher Scientific, Rochester, NY) through 
a small port at the base of the trough that is parallel with 
the interface. Care was taken to ensure that the interfacial 
film was not disturbed. Then another syringe and 20G nee-
dle were used to aspirate 8–10 mL of material from the 
interface. Both the bulk and the interfacial material were 
transferred to 15 mL falcon tubes and stored at 4 °C in a 
refrigerator until further analysis. All experiments were run 
in triplicate and at a temperature of 23 ± 2 °C.

Microflow Imaging

A micro-flow imaging 5200 (MFI) (Protein Simple, San 
Jose, CA) instrument was used to quantify and character-
ize the size (2–100 µm equivalent circular diameter, ECD) 
morphology of any subvisible particulates generated dur-
ing interfacial compression and expansion, as described 
previously [24, 28]. The flow cell was flushed with a 
cleaning cycle of filtered ultrapure water and 2.5% Liqui-
nox solutions to ensure that the particle count was below 
300 particles per mL when using ultrapure water; 0.6 mL 
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of sample, at a flow rate of 0.17 mL/min, was used for 
each measurement. The results were processed and ana-
lyzed using MFI View Analysis Suite (MVAS) software 
(Protein Simple) and protein particle concentrations of 
equivalent circular diameter (ECD) and morphology were 
recorded. Based on our previous measurements of pro-
tein particle formation using MFI, all particles that had 
a circularity and an aspect ratio above 0.9 were excluded 
to remove any silicone oil droplets and air bubbles that 
were present in the samples [29–31]. Additionally, glass 
shards and rubber particles were also removed from the 
data sets. After these filters were applied to the data set, 
the results were visually confirmed to ensure that no mAb 
particles were removed after applying the filters. Since 
we have previously shown that application of interfacial 
stress causes an increase in the concentration of particles 
formed at the interface and in bulk solution, in this work, 
to conserve precious material, protein particles were 
measured only for the stressed condition [7, 24, 28].

Results

In this study, a LT and surface tensiometer was used 
to apply interfacial stress and observe the interfacial 
response of two different IgG mAbs (mAb1 and mAb2) 
that were formulated with either PS20 or PS80 both 
above and below their critical micelle concentration 
(CMC). The barriers of the Langmuir trough are con-
figured such that their movement isolates the stress at 
the air–water interface for the sample of interest. Our 
previous work established that mAb1 is the more sta-
ble molecule while mAb2 is more prone to interfacial 
stress-induced particle formation [24]. The focus of 
this work was to present a comparison of the interfacial 

properties of the same IgG mAb when formulated with 
PS20 or PS80.

Surface Activity of mAb/Surfactant Solutions 
Formulated with PS20 or PS80 in the Absence 
of Applied Interfacial Dilatational Stress

The first step in assessing interfacial stress-induced protein 
particle formation (PPF) in mAb/surfactant solutions was 
to characterize the surface activity of the two IgG mAbs, 
formulated in PS20 or PS80, in the absence of any applied 
interfacial stress. The change in SP with time for mAb1 sam-
ples formulated with either PS20 or PS80 at 100 ppm are 
presented in Fig. 1. Figure 1A shows that in the absence 
of protein, both PS20 and PS80 reached a saturation value 
of SP almost immediately, although final value was higher 
for PS20 than PS80 (32.5 mN/m vs. 25 mN/m). Figure 1B 
demonstrates that when mAb1 was formulated with PS80 at 
100 ppm(shown in mustard yellow), the kinetics of adsorp-
tion follows that in Fig. 1a for protein-free PS80 solutions. 
To contrast this with formulations that do not contain any 
surfactant, the SP of mAb1 solutions without surfactant is 
also shown (in blue). Our results show that the SP for mAb1 
protein-only solutions reaches an equilibrium value of 14.8 
mN/m at the 2-h point. In contrast, the equilibrium SP of 
mAb1-PS80 formulation is higher, reaching 25.4 mN/m and 
is similar to the PS80-only samples. Further, the maximum 
SP is reached much faster (~ 20 min) compared to mAb1-
only samples.

When 100 ppm PS20 is introduced to the mAb1 for-
mulation (shown in red), the SP also increases rapidly and 
achieves the highest equilibrium SP at 34.1 mN/m. Interest-
ingly, the equilibrium SP for samples containing PS20 above 
the CMC took longer to achieve complete equilibrium as the 
evolution of the SP appears to go through a stage of small, 
slower growth.

Fig. 1   Comparison of SP versus time adsorption curves for of two 
mAb formulations formulated with either 100 ppm PS20 or 100 ppm 
PS80. PS20 and PS80 control solutions (left) formulated with mAb1 

(middle) or with mAb2 (right) in PBS buffer at pH 7.6. Adsorption 
curves are presented as average (n = 3)
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Figure 1C shows the same interfacial analysis (SP vs. 
time) for a different IgG mAb (mAb2) that has been shown 
to be more prone to interfacial stress-induced particle forma-
tion. Our results show similar trends as observed in mAb1 
samples, with both protein/surfactant formulations show-
ing an initial rapid increase in SP. However, mAb2 samples 
formulated with 100 ppm PS20 demonstrated a higher equi-
librium SP (35.1 mN/m) compared to mAb2 proteins for-
mulated with PS80. Further, while mAb2 when formulated 
in PS80 rapidly reached a saturation value, the adsorption 
kinetics for mAb2 solutions formulated in PS20 showed a 
continuous increase.

Our next step was to monitor the SP evolution with time 
for mAb/surfactant solutions formulated with 10 ppm PS20 
or PS80. Figure 2A presents control studies measuring the 
surface activity of both surfactants at 10 ppm without the 
protein. This result shows that surface activity of PS20 
remains higher than PS80 even at this very low concentra-
tion. Figure 2B shows that samples of mAb1 formulated 
with 10 ppm PS80 (shown in gold) reach an equilibrium 
SP (17.5 mN/m) that is comparable to the mAb1 alone 
(blue curve) and is lower than the maximum SPs reached 
when formulated in 100 ppm PS80 (Fig. 1B). Our results 
also show that mAb1 formulations containing 10 ppm PS20 
show a surface activity that is much lower than the 10 ppm 
PS20 alone control sample. Additionally, for mAb1 for-
mulated in PS20, after 2 h adsorption (red curve), the SP 
did not reach an equilibrium value. Further, the SP reach 
is also significantly lower than the SP of mAb1/100 ppm 
PS20 solutions. Figure 2C shows surface activity evolution 
with time for mAb2 solutions formulated with 10 ppm PS80 
(shown in gold) and 10 ppm PS20 (shown in red). Again, 
a similar trend is seen where the surface activity of both 
mAb2/surfactant solutions show an initial rapid increase in 
the SP. Further, mAb2 formulated in PS20 is found to show 
a higher maximum SP compared to mAb2/PS80 and mAb2 
alone solutions.

Surface Activity of mAb/Surfactant Solutions 
Formulated with PS20 or PS80 When Subjected 
to Interfacial Dilatational Stress

Figure 3 presents the change in SP with change in interfa-
cial area during the compression and expansion cycles for 
the two mAb samples containing either 100 ppm of PS20 
or PS80. The 1st, 2nd, and 750th compression/expansion 
cycles are shown in blue, gold, and red, respectively. A few 
commonalities are seen in all samples. At the beginning 
of the 1st cycle, the SP corresponds to the equilibrium SP 
value that is achieved after 2 h of adsorption. Upon compres-
sion, the interfacial area decreases and the SP increases and 
reaches a maximum SP for all protein/surfactant solutions. 
Upon expansion, a decrease in the SP with increasing inter-
facial area is observed. Thus, the protein films demonstrate 
a lack of overlap (or hysteresis), which suggests irreversible 
intermolecular interactions between the protein molecules 
at the interface. Further, subsequent compression/expan-
sion cycles result in a lower SP at the beginning of each 
compression cycle as the protein/surfactant samples do not 
have enough time to reach the saturation SP. The highest 
SP reached at the end of each compression is also found to 
decrease as a function of the compression/expansion cycles.

The leftmost panel shows the effect of interfacial compres-
sion and expansion on the surfactant controls. Comparing 
PS20 with PS80, our results show that while PS80 reaches 
a maximum SP of 35 mN/m at the lowest interfacial area, 
PS20 reaches a maximum SP of 45 mN/m. The middle panel 
shows the SP vs. area compression/expansion isotherms for 
mAb1/surfactant solutions. mAb1/PS80 solutions show a 
maximum SP at the end of the first, second, and 750th cycles, 
and all show a higher value compared to the PS80 control. In 
contrast, mAb1/PS20 isotherms are comparable to the PS20 
control. There are also larger differences between the slope of 
the compression cycles for the 1st and 2nd cycles for mAb1 
formulated with PS20 than for those observed in mAb1 and 

Fig. 2   Comparison of SP versus time adsorption curves for of two 
mAb formulations formulated with either 10  ppm PS20 or 10  ppm 
PS80. PS20 and PS80 control solutions (left) formulated with mAb1 

(middle) or with mAb2 (right) in PBS buffer at pH 7.6. Adsorption 
curves are presented as average (n = 3)
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PS80 samples. The rightmost panel shows the SP vs. area 
isotherms for mAb2/surfactant solutions. The SP vs. area 
isotherms for mAb2/PS80 and mAb2/PS20 samples closely 
resemble those of samples containing only PS80 or PS20, 
respectively, including the maximum SP reached at the end of 
each compression cycle and the difference in the compression 
and expansion curves.

Figure 4 shows the 1st (shown in blue), 2nd (shown in 
gold), and 750th (shown in red) compression/expansion 
cycles for the mAbs formulated in 10 ppm PS20 and PS80. 

The left panel shows the SP vs. area isotherms for the PS80 
(top) and PS20 (bottom) surfactant solutions. While both 
surfactants show an increase in SP with compression, PS80 
isotherms show very little hysteresis during the compres-
sion/expansion cycle. The middle panel shows the SP vs. 
area isotherms for mAb1 formulated in PS80 (top) and PS20 
(bottom). The isotherms show that the SP reach when the 
barriers are compressed to the minimum possible area is 
higher for the mAb1/PS80 solution when compared to the 
PS80 alone while the minimum SP reach at the end of the 

Fig. 3   Comparison of the effect that dilatational interfacial stress has 
on mAb1 and mAb2 solutions formulated with 100  ppm PS20 and 
PS80 that were exposed to 750 cycles of interfacial compression and 

expansion in a Langmuir trough at a rate of 150  mm/min. Cycle 1 
(blue), cycle 2 (orange), and cycle 750 (red). The isotherms are pre-
sented as representative. Three repeats were done

Fig. 4   Comparison of the effect that dilatational interfacial stress has 
on mAb1 and mAb2 solutions formulated with 10  ppm PS20 and 
PS80 that were exposed to 750 cycles of interfacial compression and 

expansion in a Langmuir trough at a rate of 150  mm/min. Cycle 1 
(blue), cycle 2 (orange), and cycle 750 (red). The isotherms are pre-
sented as representative. Three repeats were done
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expansion cycle is lower than the PS80 sample. Further, the 
hysteresis (difference between the compression and expan-
sion cycles) is also larger for the mAb1/PS80 solution com-
pared to the PS80 controls. Interestingly, for mAb1 formu-
lated in PS20, the isotherms resemble that of the PS20 alone, 
with only the minimum SP being lower than the PS20 con-
trols. The panel on the right shows the SP vs. area isotherms 
for mAb2 formulated in PS80 and PS20. Here, for both for-
mulations, the maximum SPs reached when compressed to 
the minimum area possible are higher and the minimum SPs 
reached when the area expands to the maximum possible 
area are lower than that measured for the surfactant only 
solutions.

Particle Formation of mAb Samples Formulated 
with PS20 or PS80

Figure 5 shows the particle morphology and size as heat 
maps for mAb1 (Fig. 5A) and mAb2 (Fig. 5B) formulated in 
100 ppm of PS80 or PS20. The ECD of the particles is indi-
cated by a heat map with the warm colors (red) correspond-
ing to the smallest particles and cold colors corresponding 
to the largest (see key for exact ECD ranges). The data is 
plotted as a function of the circularity (defined as the perim-
eter of the particle relative to a circle that would have an 
equivalent area) of the particles and their aspect ratio (which 
corresponds to how elongated a specific particle is) [7, 32]. 
The circularity and the aspect ratio are constrained between 
0 and 1 with the point (1, 1) in the plot corresponding to 
a perfect circle. The gray curve plotted in the mAb1-only 
dataset corresponds to the calculation reported by Kalonia 

et al. of the circularity of theoretical prolate ellipses from a 
specific aspect ratio [32]. Particles that deviate from the gray 
curve have a larger perimeter than that of an ellipse with the 
exact same area which indicates that the surface roughness 
has increased.

Figure 5A shows that there is a clear difference in the effi-
cacy of PS20 vs. PS80 in mitigating the formation of larger 
aggregates especially when compared to particle formation 
of mAb1-only samples, which show formation of particles 
at the a/w interface. PS20 appears to be much more effective 
at preventing larger PPF with increased surface roughness 
in mAb1 samples, especially at the interface, although there 
does still appear to be smaller particles in the bulk solution. 
On the other hand, PS80 appears to mitigate the formation 
of large particles at the interface but exhibits PPF in the 
bulk solution.

Figure 5B shows that for mAb2/surfactant solutions, 
while both surfactants are able to mitigate PPF, samples 
containing PS80 resulted in larger, more elongated particles 
forming at the interface and in the bulk when compared to 
particle formation in samples containing PS20.

Figure 6 presents the morphology and particle size dis-
tribution of mAb samples formulated with 10 ppm PS20 or 
PS80. Figure 6A shows that while PS20 at lower concentra-
tions is able to mitigate the formation of larger particles 
in the bulk solution, samples containing mAb1 and PS80 
appear to still have a number of larger particles at the inter-
face when compared to samples with only mAb1. Figure 6B 
shows that both surfactants are effective at preventing large 
particles from forming when compared to mAb2-only sam-
ples but show significant number of smaller particles even in 

Fig. 5   Aspect ratio (AR) versus circularity (C) heat maps depicting 
particle size (ECD) distribution for the protein mAb1 or mAb2 with-
out any surfactant (control, top row), mAb1, or mAb2 formulated in 
100 ppm PS80 (middle row), and mAb1/mAb2 formulated in 100 ppm 
PS20 (bottom row). mAb1 and mAb2 are at 0.5 mg/mL in PBS buffer 

at pH 7.6 with 100 ppm of both surfactants. MFI was obtained after 
a 2-h adsorption and 750 compression cycles at 150  mm/min. Heat 
maps are representative figures with N = 3. Control**: represents pro-
tein samples without surfactants that were previously published in 
Vaclaw et al. J. Pharm Sci, 110(2) 746–759, 2021
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the presence of surfactants, demonstrating that these lower 
surfactant concentrations are unable to mitigate formation 
of smaller particles.

In Fig. 7, we provide a comparison of the particle size 
distributions for > 10 and > 25 um for both mAbs formu-
lated in 100 and 10 ppm of PS80 and PS20. Overall, the 

Fig. 6   Aspect ratio (AR) versus circularity (C) heat maps depicting 
particle size (ECD) distribution for the protein mAb1 or mAb2 with-
out any surfactant (control, top row), mAb1, or mAb2 formulated in 
10 ppm PS80 (middle row), mAb1/mAb2 formulated in 10 ppm PS20 
(bottom row). mAb1 and mAb2 are at 0.5  mg/mL in PBS buffer at 

pH 7.6 with 100 ppm of both surfactants. MFI was obtained after a 
2-h adsorption and 750 compression cycles at 150  mm/min. Heat 
maps are representative figures with N = 3. Control**: protein con-
trols without surfactant were previously published in Vaclaw et al. J. 
Pharm Sci, 110(2) 746–759, 2021

Fig. 7   Concentration of protein particles with size > 10 and > 25 um formed at the interface and in bulk solution per mL of solution for mAbs1 
and 2 formulated in 100 and 10 ppm of PS80 and PS20 after being subjected to interfacial dilatational stress for 6 h (N = 3)
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total number of particles formed in mAb2 solutions is 
orders of magnitude higher than in mAb1 solutions.

For mAb1 solutions, addition of the polysorbates does 
not show a reduction in the total number of particles formed 
in the bulk solution with a size > 10 μm. In fact, addition 
of 100 ppm PS20 causes an increase in the total number of 
particles formed at the air/water interface. Our results also 
show that all polysorbate formulations are able to reduce the 
total number of particles with size > 25 μm.

For mAb2 samples, the addition of both PS20 and PS80 
is able to significantly lower the total number of parti-
cles > 10 μm when formulated at 100 ppm. However, mAb2 
solutions containing 100 ppm of PS20 show less particle 
formation compared to solutions containing PS80. When 
evaluating particles with sizes greater than 25 μm, addition 
of 100 ppm PS20 is able to reduce the particle counts from 
1000 to less than 10 particles/mL. However, 100 ppm PS80 
is only able to reduce the particle count to 100 particles/mL.

Discussion

The main focus of the current work was to measure and 
analyze the interfacial properties of the same IgG mAbs that 
were formulated with either PS20 or PS80 and correlate that 
data to subvisible particle formation data measured by MFI. 
This comparison was done in order to better understand how 
the interfacial properties may influence interfacial-stress 
induced particle formation and examine the efficacy of the 
two different types of surfactants in preventing particle 
formation. The Langmuir trough technique has been used 
previously to apply compression/dilatational stress to mAb 
films at the air–water interface which simulates the changes 
in interfacial area that these formulations experience dur-
ing agitation [7, 33]. Since the Langmuir trough technique 
is capable of isolating the applied stress to the air–water 
interface, the interfacial properties of the mAb films can be 
correlated to interface-induced protein particle formation.

Comparison of Surface Adsorption of mAb Solutions 
Formulated with PS20 or PS80

Initially, the SP was monitored in the absence of any stress 
to observe trends in adsorption kinetics and equilibrium 
SP value differences between the two surfactants with both 
mAb1 and mAb2. In the absence of proteins, the differences 
in the equilibrium SP values for PS20 vs. PS80 solutions 
likely arises due to differences in the fatty acid side chain 
distributions for each surfactant. PS80 is primarily com-
posed of oleic acid, which has a longer hydrocarbon chain 
than lauric acid, which is the primary component of PS20 
[34]. It has been previously shown that an increase in the 
fatty acid chain length leads to a higher value of surface 

tension or a lower value of surface pressure [35]. Therefore, 
it is possible that PS20, which has a higher content of lauric 
acid C (12:0), shows a higher surface pressure or lower sur-
face tension value compared to PS80. Similar results were 
also reported by Garidel et al. in 2021 for PS20 and PS80 
high-performance-grade materials [27].

In the absence of surfactants, both mAb solutions showed 
a much lower SP compared to the surfactant-only solutions. 
When considering the surface adsorption of mAb-only solu-
tions, previous studies have shown that the SP changes may 
not necessarily correlate with mAb concentration at the 
interface [10, 36]. These studies observed that the surface 
excess of mAb, as measured by confocal microscopy, often 
equilibrates within 90 s of the measurement [22]. In contrast, 
our results show that while mAb1 solutions reach an equilib-
rium SP relatively quickly, mAb2 solutions do continue to 
show a small increase in SP. We and others have argued that 
the change in SP of mAb formulations with time may be a 
combination of mAb adsorbing onto the air–water interface 
and partial unfolding of the proteins at the interface [28].

The surface activities of both surfactants studied here are 
found to be higher than the two mAbs used in this study.This 
difference in kinetics is not surprising. In fact, the faster 
adsorption kinetics of PSs allow them to compete for the 
interface, prevent adsorption of proteins onto the a/w inter-
face; therefore, they are ideal candidates to mitigate PPF at 
interfaces [14].

Next, it was found that when formulated at 100-ppm sur-
factant concentration, the adsorption isotherms of all mAb/
surfactant solutions look similar to the surfactant-only solu-
tions. This suggests that at concentrations higher than the 
critical micelle concentration (c.m.c), the interface is sur-
factant-dominated, i.e., the surfactants are able to compete 
and adsorb to the interface and prevent adsorption of the 
protein. However, at surfactant concentrations lower than 
the c.m.c, the maximum SP reached by mAb/surfactant solu-
tions shows different behaviors for different surfactant/mAb 
mixtures. For mAb1/PS20 solutions, the equilibrium SP is 
never achieved and instead steadily increases over the course 
of the 2 h. This result indicates that at low surfactant concen-
trations (below the C.M.C.), there may be co-adsorption of 
the protein and the surfactant at the a/w interface for mAb1/
PS20 mixtures. Similarly, for mAb2/surfactant mixtures, the 
surface pressure adsorption curves donot overlap with the 
surfactant-only curves, suggesting that both surfactants and 
proteins are present at the interface. This could be because 
at lower surfactant concentrations, the surface is not fully 
saturated with surfactant or because both molecules are able 
to compete for the interface. Kanthe et al. have previously 
shown that at sufficiently low surfactant concentrations, 
co-adsorption of the mAb and the surfactant dominates the 
composition of the molecules at the interface, whereas at 
sufficiently high surfactant concentrations, the surfactant 
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molecules outcompete the mAbs for the air–water interface 
[23]. The authors also showed that differences in the surface 
activity of the mAbs determine the surfactant concentration 
needed to prevent mAb/surfactant co-adsorption, with pro-
teins with lower surface activity requiring a lower surfactant 
concentration to outcompete proteins adsorbing to the inter-
face. Our results also suggest that the amount of surfactant 
needed to prevent adsorption of the mAb to the a/w interface 
also depends on the concentration of molecules competing 
for the a/w interface. Even though PS20 shows more surface 
activity and a higher maximum SP compared to PS80, for 
mAbs formulated at concentrations lower than the c.m.c, 
PS20 have a lower tendency to compete with the proteins for 
the interface compared to the same concentration of PS80.

Comparison of Surface Activity of mAb Solutions 
Formulated with PS20 or PS80 Under Interfacial 
Dilatational Stress

The results of the studies monitoring the change in SP with 
application of interfacial dilatational stress show that when 
the mAbs with different surface activity and relative stability 
are formulated with surfactants PS20 and PS80 at concentra-
tions above their c.m.c, the surfactant appears to dominate 
the interface and the isotherms largely resemble those of 
surfactant-only solutions, suggesting that the surfactants 
outcompete the mAbs from adsorbing to the interface. Fur-
ther, the SP vs. trough area isotherms from Ab/surfactant 
solutions demonstrate hysteresis between the expansion 
and compression curves, similar to what has been reported 
before [7, 24, 33]. Hysteresis in these cycles indicates either 
an irreversible loss of material from the interface into the 
bulk solution or irreversible interactions between the mol-
ecules at the interface that ultimately lead to protein particle 
formation. Our results show that at high surfactant concen-
trations, the solutions have very little hysteresis, suggest-
ing that the surface is possibly dominated by the surfactant 
even when subjected to interfacial stress. On the other hand, 
when the two mAbs are formulated at surfactant concentra-
tions below the c.m.c, the isotherms have marked differences 
from surfactant-only or mAb-only solution isotherms but 
rather show signatures that are between the surfactant only 
or mAb-only solutions, suggesting co-adsorption of the pro-
tein and surfactant molecules to the interface. Both mAb1 
and mAb2 formulated in 10 ppm PS80 show higher hys-
teresis between the compression and expansion isotherms, 
suggesting that in the event of co-adsorption of protein and 
surfactant to the air–water interface the protein competes 
with the surfactant to adsorb to the air–water interface as 
the interfacial area is continuously changed during compres-
sion/expansion cycles. On the other hand, when formulated 
in PS20, both mAbs show SP vs. area isotherms that are 

similar to the surfactant-only solution. This is in contrast 
with the static adsorption studies where we found that both 
mAb1 and mAb2 solutions formulated in 10 ppm PS20 led 
to co-adsorption of the protein and surfactant.

In summary, application of dilatational stress allows us 
to apply transient mechanical stresses to the interface alone 
without subjecting the bulk to any mechanical stresses. 
Given that the rate of surfactant and mAb adsorption 
shows differences in kinetics, an equilibrium is not reached 
between molecules in the bulk and at the interface. There-
fore, application of dilatational stress at the interface impacts 
the competitive adsorption between the surfactant and the 
mAb molecules competing for any new area that is generated 
during the start of every expansion cycle. Our results show 
that in fact the rate of adsorption will ultimately determine 
the outcome of competitive adsorption between the sur-
factant and mAb molecules, when mAb/surfactant mixtures 
are subjected to interfacial dilatational stresses that have a 
direct relevance of mechanical agitation faced by therapeutic 
protein solutions (7, 32). PS20, which demonstrates the fast-
est rate of adsorption, dominates the interface when interfa-
cial dilatational stresses are applied possibly because of the 
faster adsorption kinetics of the PS20 molecules.

Comparison of Protein Particle Formation Due 
to Application of Dilatational stress

The analysis of the interfacial properties of the mAb/sur-
factant air–water interface was complemented with parti-
cle characterization data to determine the efficacy of the 
surfactants in mitigating interfacial stress-induced PPF in 
mAb formulations. In a previous work [7], we described 
size exclusion chromatography (SEC) experiments that were 
done on the protein particles formed when the air–water 
interface was subjected to interfacial dilatational stress. We 
found that for this kind of stress, only 1% of the solution 
showed higher molecular weight species. Interestingly, we 
also found that the bulk protein retained its native state. 
Therefore, in the interest of conserving proteins, in this 
work, we only focused on the protein particle characteriza-
tion using MFI. For both the mAbs studied here, we have 
previously shown increased PPF at the interface and in the 
bulk solution when the interface is subjected to dilatational 
stress at the interface using the Langmuir trough [24]. There-
fore, in this work, we focused on the ability of PS20 and 
PS80 surfactants to prevent PPF after application of inter-
facial stress. Particle formation rates show that overall both 
surfactants mitigate the formation of larger particles (> 10 
and > 25 μm) in the bulk solution. The data also conclusively 
shows that PS20 is much more effective at preventing the 
formation of these large particles for both mAb1 and mAb2 
formulations. However, significant differences are seen when 
evaluating the formation of protein particles at the interface. 
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For mAb2/surfactant solutions, both surfactants show a 
lowering of the number of particles formed at the interface 
compared to the surfactant free mAb2 solutions. On the 
other hand, for mAb1/surfactant solutions, an increase in 
protein particles is measured at the interface for 100 ppm 
PS20 solutions. This is counter-intuitive as the surfactant 
should be saturated at the interface, thereby protecting the 
mAb from adsorbing. One possibility is that the surfactants 
interact differently with the two proteins in bulk solution, 
with mAb1 forming surfactant/protein complexes in solution 
that are not formed with mAb2/surfactant mixtures. Using 
MFI alone, we cannot conclusively provide evidence of sur-
factant/mAb complex formation in bulk solution. However, 
an increase in PPF is not seen below the CMC, which does 
support the possible role of micelles in promoting protein 
particle formation. Further, even the possibility of formation 
of mAb/surfactant complexes is debated [16, 27]. Moreo-
ver, if indeed mAb surfactant micelle complexes are being 
formed, it is unclear why mAb1 would form these complexes 
but not mAb2.

Another possibility is that the differences in the adsorp-
tion rates of the mAb/surfactant mixtures in the different 
formulations ultimately dominate how many protein par-
ticles are formed at the interface and in bulk solution. Our 
compression/expansion results seem to support this hypoth-
esis. Our results show that during application of dilatational 
stresses, PS20 always dominates at the interface. Therefore, 
for our systems, PS20 is better able to mitigate the forma-
tion of protein particles. For mAb1 formulated in PS80, our 
compression/expansion results show that proteins, and not 
PS80, dominate the interface when subjected to interfacial 
dilatational stresses. This reduces the ability of PS80 to pre-
vent PPF in mAb1 solutions when subjected to interfacial 
dilatational stress.

Conclusions

In this work, we have analyzed the interfacial properties 
of two different IgG mAbs formulated with either PS20 or 
PS80 at the same concentrations. Additionally, we corre-
lated these results with subvisible particle formation data 
sets obtained with MFI including rates, size distributions, 
and morphology. The goal is to better understand the effi-
cacy of the two PS in protecting the two mAbs from interfa-
cial stress-induced particle formation and to identify when 
interfacial parameters may be indicative of a mAb’s propen-
sity to form particles when exposed to dilatational stress. 
Our results show that the SP vs. time kinetics and the SP 
vs. interfacial area isotherms can help identify which PS 
type performs better in mitigating particle formation dur-
ing stress. The maximum and minimum SPs at each com-
pression/expansion cycle as well as the hysteresis patterns 

observed in the SP isotherms are indicative of whether the 
surfactant dominates the interfacial properties of a formu-
lation or if there is co-adsorption of the mAb and the sur-
factant at the air–water interface. Our SP measurements dur-
ing static and compression/expansion studies show evidence 
of co-adsorption of protein and surfactant to the air–water 
interface for mAb/surfactant solutions. Specifically, we 
report that concentration of surfactant solutions as well as 
the mAb itself determines if the interface is dominated by 
mAbs or the surfactants. Further, we also report that for 
mAb2 (with higher tendency to undergo interface-induced 
protein particle formation), addition of PS20 is much more 
effective in preventing the formation of large particles both 
in the bulk and at the interface when compared to mAb2/
PS80 formulations. On the other hand, for mAb1, with less 
tendency to form dilatational stress induced protein parti-
cles at the interface, both surfactants had similar ability to 
prevent formation of larger subvisible particles (> 25 µm). 
Thus, our results suggest that the choice of surfactant may 
also depend on the nature of the therapeutic protein, includ-
ing its inherent tendency to form protein particles at the 
interface.

This work demonstrates the utility of interfacial tech-
niques and interfacial stress analysis in evaluating the per-
formance of surfactants in mitigating particle formation in 
mAb formulations. Future work will focus on characterizing 
other surfactant types and role of different surfactant grades 
as well as fatty acid content in protein particle formation 
with various mAbs. Additionally, future work will evalu-
ate the effect that polysorbate degradation products such as 
free fatty acids have on the interfacial properties of mAb 
formulations. Finally, the authors believe that the pH, buffer 
content, and presence of different excipients will also impact 
the interactions of the surfactants with the mAbs, which in 
turn will impact the ability of the surfactants to prevent pro-
tein particle formation. These topics will be explored in the 
future.
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