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While protein medications are promising for treatment
of cancer and autoimmune diseases, challenges persist
in terms of development and injection stability of high-
concentration formulations. Here, the extensional flow
properties of protein-excipient solutions are examined via
dripping-onto-substrate (DoS) extensional rheology, using
a model ovalbumin protein (OVA) and biocompatible excip-
ients polysorbate 20 (PS20) and 80 (PS80). Despite sim-
ilar PS structures, differences in extensional flow are ob-
served based on PS identity in two regimes: at moderate
total solution concentrations where surface tension differ-
ences drive changes in extensional flow behavior, and at
small PS:OVA ratios, which impacts the onset of weakly
elastic behavior. Undesirable elasticity is observed in ultra-
concentrated formulations, independent of PS identity;
higher PS contents are required to observe these effects
than with analogous polymeric excipient solutions. These
studies reveal novel extensional flow behaviors in protein-
excipient solutions, and provide a straightforward method-
ology for assessing the extensional flow stability of new
protein-excipient formulations.
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1 Introduction

Solution-based protein therapeutics, such as mono-
clonal antibodies (mAbs), are promising for treating a va-
riety of diseases including cancer and COVID-19. These
therapeutics, often administered via subcutaneous or in-
travenous injection, are orders of magnitude larger than
small molecule drugs (typically >100 kDa), have com-
plex secondary and tertiary structures, and are difficult
to produce. Unsurprisingly, the size and complexity of
these cellular therapeutics cause substantial challenges
in development, delivery and stability,1–4 particularly as
the solution concentration increases.

New injectable protein therapeutics are largely
screened based on their storage stability and shear vis-
cosity, primarily dictated by concentration-dependent
protein-protein interactions (PPIs).5–7 While the stabil-
ity of protein-excipient formulations at rest is critical
for extending shelf life, these metrics are not indica-
tive of stability during injection flows in which proteins
experience both shear and extensional forces.2 These
injection flows can accelerate protein aggregation and
denaturing – reducing clinical efficiency and antibody
response8– and their impact on protein dynamics is
not well-understood.4 Further, flow stability depends
on the injection forces, which vary based on injection
method and needle size.8,9 The difficulty in measuring
flow stability pairedwith FDAguidelines on injection vis-
cosity and volume has led to therapeutic administration
via dilute, low viscosity intravenous injections, which of-
ten require treatment at a hospital.5,7,10,11

Subcutaneous injections are the most convenient ad-
ministration route, as they can be self-administered and
are minimally invasive;4 thus delivery via this route has
the potential to reduce the burden on the healthcare
system.5,9–11 However, subcutaneous injections typi-
cally require small delivery volumes (≤1.5 mL), concen-
trated formulations (≥100 mg/mL) and small needles,
which increase deformation rates and subsequently re-
duce efficacy.6,8,11,12 In addition, ultra-high concentra-
tion protein formulations, typically defined as having
protein contents above 150 mg/mL,13,14 can lead to
high solution viscosities and undesirable viscoelastic be-

havior.3,15 These undesirable flow properties are pro-
moted by the crowded solution environment, which
enhances protein self-associations and interactions be-
tween proteins and other macromolecules in solution.
PPIs include long-range repulsive interactions and short-
range interactions – such as hydrogen bonding, dipole-
dipole interactions, van der Waals attractions, and hy-
drophobic interactions – which become increasingly im-
portant to the viscosity and stability in crowded solution
environments where the inter-molecular distance is sim-
ilar to or smaller than the protein size.7,11,12

Adding stabilizing excipients is one route to reduce
the shear viscosity and resulting aggregation and loss of
function. Given the vast range of PPIs, numerous excipi-
ent types including salts, amino acids, sugars, and surfac-
tants are used to stabilize protein therapeutics.13,14,16,17
Non-ionic surfactant excipients are of particular inter-
est when examining flow stability, as they are commonly
used to prevent protein aggregation and denaturing due
to agitation or stress induced by processing.16,18 How-
ever, accurate characterization of protein-excipient rhe-
ological properties is limited, largely due to measure-
ment challenges. In commercial shear rheometers, the
presence of significant air-liquid interfaces and the fairly
long measurement time leads to protein adsorption and
film formation at these interfaces, which dominates the
torque signal and invalidates the measurement.19–21 As
this aggregation and film formation occurs on the or-
der of minutes to hours,21,22 the rapid timescale of so-
lution extensional rheology measurements allows this
challenge to be bypassed.23,24 However, despite that ex-
tensional flows are expected to have a more detrimen-
tal impact on protein structure and function than shear
flows, the extensional rheology of protein solutions has
been sparsely studied because extensional flows in low
viscositymacromolecular solutionsmust often be gener-
ated using custom devices.23,25–29 While these devices
can generate extensional flows, many cannot measure
rheological properties like extensional viscosity.

Despite limited measurements of accurate protein-
excipient rheology, the mechanisms by which nonionic
surfactant excipients like polysorbates or poloxamers
stabilize protein solutions is well-characterized. Non-
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ionic surfactants primarily stabilize proteins by coat-
ing air-liquid and solid-liquid interfaces, which not only
lowers the interfacial tension and associated interfacial
stresses, but also reduces protein surface adsorption
and thereby reducing aggregation and denaturing.16–18
Surfactant addition can also minimize aggregation and
unfolding by associating with hydrophobic regions of
the protein, thereby improving colloidal stability.18,30,31
These protein-surfactant interaction mechanisms are
concentration-dependent.16,18 At low concentrations,
these surfactants primarily locate at the air-liquid inter-
face, reducing the interfacial tension, and largely avoid
interacting with proteins. At higher concentrations, sur-
factants can interact with the protein surface as the air-
liquid interface becomes saturated; in this region, the
surface tension decreases nearly linearly with the loga-
rithm of the surfactant concentration.18,32 At surfactant
concentrations above the critical micelle concentration
(CMC), micelles can also form in solution and further in-
creases in surfactant concentration have a negligible ef-
fect on the solution surface tension18.

A number of recent studies have demonstrated
that concentration-dependent protein-excipient inter-
actions have significant implications for formulating
high concentration therapeutics.13,14,23,33 For example,
Rodrigues et al. 13 showed that the optimal excipients
for shear viscosity reduction in moderately concen-
trated monoclonal antibody (mAb) formulations (100
mg/mL) were not predictive of properties in high con-
centration formulations (≥137 mg/mL). In fact, the
worst excipients in the moderately concentrated formu-
lations performed the best in ultra-concentrated mAbs
(237 mg/mL)13. Whitaker et al. 14 screened 56 excip-
ients across a range of excipient types, noting a dra-
matic, often exponential increase in solution shear vis-
cosity for mAb solutions with fixed excipient contents
between concentrations of 100 and 200 mg/mL mAb.
Similar to Rodrigues et al. 13 , the authors found that
the viscosity at ultra-high concentrations was not well-
correlated to the viscosity at 100 mg/mL in many cases,
nor the viscosity at 150 mg/mL in several cases. While
pharmaceutical producers select excipient concentra-
tions based on the lowest effective stabilizing concen-

tration,17 Whitaker et al. 14 also found that significantly
increasing the excipient concentration (often by an or-
der of magnitude or more) was highly effective in re-
ducing the viscosity of ultra-high concentration mAbs
(175 mg/mL) across a range of excipient types, without
a detrimental impact on long-term stability. Bhambhani
et al. 33 similarly found that high concentrations (≥15%)
of several excipient types lead to greater protein confor-
mational stability without detrimental effects in terms
of thermal stability. These studies suggest that higher
excipient concentrations may be required to adequately
stabilize high-concentration protein therapeutics.

While prior studies demonstrate concentration-
dependent PPIs and protein-excipient interactions at
rest and under shear, recent work suggests that
concentration-dependent interactions also result in dif-
ferent behavior in extensional flows. Here, Lauser
et al. 23 used dripping-onto-substrate (DoS) extensional
rheology to show that interactions between proteins
and polymeric excipient P188 in injection-like flows de-
pends on excipient and protein concentration. For exam-
ple, adding P188 to ovalbumin (OVA) solutions at low or
moderate solution concentrations reduced the surface
tension, resulting in synergistic flow behavior where the
timescale for fluid breakup in OVA/P188 solutions was
less than the sum of the two individual components. In
this concentration regime, these protein-excipient solu-
tions displayed rapid breakup behavior similar to that of
water, indicating good injectability. Unfortunately as the
solution concentration increased and the solution sur-
face tension plateaued, the benefits of adding excipient
dwindled. In fact, undesirable weakly elastic flow be-
havior was observed at high concentrations of protein-
excipient solutions (300 mg/mL) whereas no elasticity
was observed for 300 mg/mL OVA only.23 This weakly
elastic flow behavior results in higher extensional vis-
cosities upon injection, and indicates that the formula-
tion is subjected to large extensional stresses that may
detrimentally impact the protein structure and function.

The prior work by Lauser et al. 23 suggests that sur-
factant excipients added to stabilize proteins at rest or
in shear flows can cause detrimental extensional flow
properties. However these studies employed P188,
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which has a larger molar mass (8.4 kDa) and CMC (∼150
mg/mL34 at RT) relative to many nonionic surfactant
excipients. In these studies, solutions of both P188
unimers and P188 unimers coexisting with OVA exhib-
ited elasticity likely due to P188 chain extensibility.23
Surfactants polysorbate 20 and 80 (PS20 and PS80) are
the most commonly employed, FDA-approved surfac-
tant excipients used to stabilize protein medications and
vaccines, including for coronavirus.17,18,35 These two ex-
cipients are roughly one order of magnitude smaller in
molecular weight than P188 (∼1.2 kDa) and have the
majority of their molar mass in their identical branched,
headgroup; additionally the CMCs for PS20 and PS80
are three to four orders-of-magnitude lower than that of
P188.30,34,36 Thus given themore compact, less extensi-
ble structure of polysorbate excipients and their dramat-
ically lower CMC vs. P188, an outstanding question re-
mains as to whether polysorbates impart the same detri-
mental extensional flow properties in protein-excipient
solutions as observed in P188-containing solutions.

While PS20 and PS80 share the same hydrophilic
headgroup (SI.1) and have similar molar masses, differ-
ences in solution properties and interactions with pro-
teins have been documented,37 likely due to their dif-
fering tail structures: PS20 has a shorter lauric acid
tail whereas PS80 instead has a longer, monounsatu-
rated oleic acid tail. The longer hydrocarbon tail in
PS80 makes it more hydrophobic, shifting its CMC to
lower concentrations relative to PS20 (∼0.02 vs. ∼0.06
mg/mL at 24 ◦C, respectively).18,30,36,38 Above the CMC,
PS80 forms slightly larger micelles, with higher aggre-
gation numbers, than PS20.38–40 These differences in
chemical structures and solution behaviors lead to dif-
ferent interactions with proteins. For example, Ruiz-
Peña et al. 37 showed that PS20 and PS80 associate
with distinct hydrophobic regions of bovine serum al-
bumin (BSA), though PS binding to albumins is low (∼1-
3 surfactants/protein31,41). The authors also showed
that the presence of BSA increased the CMC for each
polysorbate, but substantially more so for PS80.37 Ad-
ditionally, an order-of-magnitude increase in BSA con-
tent reduced PS20-BSA interactions by >80%, but had
little impact on PS80-BSA interactions.37 Other stud-

ies have shown that added PS addition weakly stabilizes
albumins to denaturation, and that PS20-albumin inter-
actions are slightly stronger than those with PS80.31,41
This difference in interaction strength can be explained
by the longer tail and thus larger hydrophobic volume
of the PS80 vs. PS20 tail, which leads to distinct – and
fewer – binding sites on the protein.37,41,42 These sub-
tle differences in the concentration-dependent solution
properties and interactions of PS20 and PS80 with albu-
min proteins also suggest that similar differences could
be observed in the extensional flow properties.

In this article, ovalbumin solutions in the presence of
polysorbates PS20 and PS80 are examined via dripping-
onto-substrate extensional rheology to determine how
polysorbate quantity and identity impacts protein for-
mulation extensional flow properties. OVA is selected
as the model protein to enable direct comparison with
prior work on P188 solutions,23 to compare the stabi-
lization properties of polysorbates in extensional flow
differ vs. higher molecular weight, linear surfactants. As
prior studies suggest that higher excipient content may
be required for adequate stabilization and viscosity re-
duction in concentrated proteins,14,33 concentrated pro-
tein flow properties are examined with increasing PS20
and PS80 content to determine the PS content required
to observe detrimental extensional flow behavior. In
addition to PS type and quantity, the protein content
is also varied to access a range of macromolecule con-
centrations in solution, from moderate (100 mg/mL) to
ultra-high (300mg/mL). Thesemeasurements of protein
extensional flow behaviors in the presence of nonionic
surfactant excipients provide a critical dataset for under-
standing potential detrimental impacts of excipient ad-
dition on protein injectability, which can be used to en-
gineer improved excipients that eliminate adverse flow
behaviors and improve formulation stability, thereby en-
abling new and more concentrated injectable therapeu-
tics to be developed.

2 Theory

Capillary-driven thinning and break-up of a liquid bridge
is one approach for measuring the extensional rheology
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of protein solutions. Here, an unstable liquid bridge is
generated between two surfaces, which spontaneously
self-thins in the absence of active external forces.43,44
This liquid bridge is typically generated via plate separa-
tion, as done in the commercial capillary breakup exten-
sional rheometry (CaBER) method, or by initially form-
ing a droplet which then slowly contacts a substrate
to form the bridge. The latter dripping-onto-substrate
(DoS) extensional rheology method44 enables measure-
ment of lower viscosity solutions than the plate separa-
tion method and is ideal for measuring solutions with
limited sample volumes such as proteins, as measure-
ments can be performed in ≤10 µL.23,45

The capillary-driven instability and pinch-off pro-
ceeds based on the balance of forces acting on the
bridge, including inertial, viscous, elastic, and capillary
forces; mathematical descriptions of the thinning behav-
ior based on the relevant forces acting on the bridge can
then be used to extract rheological parameters. To se-
lect the relevant flow regime, the Ohnesorge number,
Oh, quantifies the relative importance of viscous forces
to inertial and surface tension forces:

Oh =
η√

ρσR0

(1)

with fluid dynamic viscosity η, density ρ, and surface ten-
sion σ; R0 is the initial radius of the liquid bridge, often
taken as the radius of the end plates or nozzle used to
generate the bridge. For Oh ≪ 1, inertial and surface
tension forces dominate viscous forces, as is character-
istic for low-viscosity fluids like water. The radial decay
profiles for low Oh fluids like water that exhibit IC thin-
ning follow a characteristic t 2/3 scaling46–48:

R (t )
R0

= α

(
tb − t

tR

) 2
3 (2)

where R (t ) is the minimum radius of the liquid bridge
at time t , and the Rayleigh time, tR = (ρR 3

0/σ)
1/2,

is the characteristic timescale for IC thinning phenom-
ena in a fluid of surface tension σ and density ρ. The
breakup time, tb , is the time at which the filament rup-
tures or breaks up. The prefactor α is treated as a con-

stant, and has been reported experimentally between
0.4 and 1.43,44,49,50 For IC thinning liquids, the liquid
bridge typically assumes a conical shape immediately
prior to breakup.

For higher viscosity fluids where Oh ≫ 1, the liquid
undergoes viscocapillary thinning (VC) where viscous
forces dominate. In this regime, the power law index
associated with thinning increases to unity, where the
radial decay can be described as51:

R (t )
R0

= 0.0709

(
σ

ηR0

)
(tb − t ) (3)

VC thinning liquids typically present a cylindrical, string-
like liquid bridge.52

Many complex fluids also exhibit fluid elasticity.
Weakly elastic thinning behavior is typically character-
ized by a slender filament that appears briefly near the
end of thinning.23,53,54 Weakly elastic behavior can be
fit using the semi-empirical Anna-McKinley model53:

R (t )
R0

= Aexp (−Bt ) − Ct + D (4)
where the coefficient B is a function of the extensional
relaxation time, λE , as B ≈ 1/3λE . The terminal exten-
sional velocity, η∞E , can be determined from the coeffi-
cient C, where C ≈ σ/2η∞E R0. The coefficient D can be
determined from the ratio of C/D and the elastic fila-
ment lifetime, tE , where D = CtE .23

When viscoelastic behavior is more pronounced, the
thinning behavior can be described by elastocapillary
thinning (EC). EC behavior is often observed in polymer
solutions following an initial IC or VC thinning region. In
the EC thinning regime, the liquid bridge is cylindrical
and thins exponentially with time.23,44,52 The thinning
behavior for EC liquids is described as:

Rmin (t )
R0

≈
(
GR0

2σ

)1/3
exp

(
−t
3λE

)
(5)

with elastic modulus G , and extensional relaxation time,
λE .23,44,52 In the EC thinning regime, macromolecules
undergo orientation and conformation changes as
well as stretching,52 which can induce undesirable
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stretching, aggregation, and denaturing in protein solu-
tions.26,27,55

3 Materials and Methods

3.1 Materials

Ovalbumin (OVA) was obtained from Sigma Aldrich
(globular, 42 kDa peptide portion only, 44.3 kDa to-
tal, lyophilized powder, >98%) and used as received.
Polysorbate 20 (PS20, 1.228 kDa) and polysorbate 80
(PS80, 1.310 kDa) were obtained from Sigma Aldrich
and used as received. See SI.1 for the PS chemical struc-
tures and the folded OVA structure.

Optically clear polysorbate samples were prepared
by dissolving PS20 or PS80 in deionized water. Polysor-
bate concentration ranged from 1-300 mg/mL for PS20
and 1-250 mg/mL for PS80, concentrations several or-
ders of magnitude above their CMCs at room temper-
ature. Samples were then placed on a refrigerated or-
bital shaker for a minimum of 12 hours before use to
ensure total dissolution. Combined OVA and polysor-
bate samples were made by dissolving OVA into pre-
made polysorbate solutions. These samples were then
placed on a refrigerated orbital shaker for at least 12
hours before measurements were performed.

3.2 Dripping-onto-substrate (DoS) device

Dripping-onto-substrate measurements were per-
formed as previously detailed in Lauser et al.23 Briefly,
a mounted dispensing system is used to create a single
hemispherical drop, which makes contact with a glass
substrate to create a semi-stable liquid bridge (Figure
1). The substrate surface properties are controlled to
ensure similar contact line spreading across comparable
solutions. The liquid bridge is illuminated with a light
behind a diffusing screen, and the evolution of the
liquid bridge radius in time is captured with a high speed
camera. As the drop is stationary prior to slowly moving
the substrate upwards to form the liquid bridge, the
surface tension for each trial can also be determined
prior to capillary-driven thinning of the bridge. Fluids

measured via DoS in this work reach extension rates
of order 10−4 (SI.2), in the range for clinically-relevent
injection flows.20

F I G U R E 1 Simplified DoS device schematic, comprised of

a nozzle that produces a drop which contacts a flat substrate,

forming a liquid bridge. The bridge is backlit by diffused light;

capillary-driven thinning is captured via high-speed camera.

3.3 Surface tension measurements

The surface tension for each trial was measured using
the pendant drop analysis tool in ImageJ,56 where the
drop shape was fit based on the Laplace equation. Im-
ages for surface tension measurements were carefully
selected to ensure that the drop was stationary (syringe
pump off) and had not made contact with the substrate.
The validity of this method to determine surface tension
was assessed by comparing calculated surface tension
values for water (74.1 ± 1.9 mN/m) with the literature
value of 72.7 mN/m at 20 ◦C,57 as done previously.23

3.4 Shear rheology

Shear rheology of polysorbate solutions was measured
using anAnton PaarMCR302 stress-controlled rheome-
ter with a concentric cylinder, 26.7 mm double-gap ge-
ometry. Note that the PS-OVA solutions cannot be ac-
curately measured using shear rheology due to the like-
lihood of interfacial film formation at the air-liquid in-
terface.20,21 These solutions are low viscosity and are
expected to be nearly Newtonian at room temperature;
as such, solutions were measured at several shear rates
( ¤γ ≤ 20 s-1), with higher shear rates giving an improved
torque signal. Reported uncertainties in the viscosity are
the standard deviation of multiple measurement points.
The viscosities are shear-rate independent within the
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measurement uncertainty in this shear rate range, con-
firming that solutions act nearly Newtonian.

4 Results and Discussion

4.1 Flow behavior of polysorbate solutions

Differences in solution properties that could impact the
extensional flow behavior and interactions with protein
were quantified via shear viscosity and surface tension
for both polysorbates (Figure 2); note that no polysor-
bate solutions exhibited shear thinning over the range
of shear rates examined ( ¤γ ≤20 s-1). As shown in Fig-
ure 2a, no appreciable difference in viscosity is observed
between polysorbate 20 and 80 solutions up to 100
mg/mL. Within this range, the solutions have low vis-
cosities that are roughly two-fold that of water or less,
and the viscosities do not increase significantly with in-
creasing polysorbate content. Above 100 mg/mL, the
viscosity of PS80 increases above that of PS20 and dif-
ferences in viscosity between the two solutions increase
with increasing polysorbate content; these differences
are consistent with prior studies on the solution prop-
erties of PS20 vs. PS80.58 Notably, this higher viscos-
ity and poorer solubility of the more hydrophobic PS80
leads to a lower maximum solution concentration vs.
that for PS20 (∼250 mg/mL vs. ∼300 mg/mL, respec-
tively).

While the solution viscosities are nearly independent
of polysorbate identity at low concentration, the surface
tension of PS20 solutions is always substantially lower
than that of PS80 solutions, even at quantities as low as
1 mg/mL (Figure 2b). The stark reduction in surface ten-
sion with addition of only 1 mg/mL of each polysorbate
is quantitatively consistent with prior works comparing
PS20 and PS80 on amole basis30,59,60; note that here, σ
is compared on a mass basis and PS20 is slightly smaller
than PS80, meaning that additional PS20 molecules can
occupy the interface to further lower σ . The higher sur-
face tension in PS80 solutions can also be attributed to
differences in polysorbate chemistry. PS80 has a longer
hydrophobic tail and thus occupies a larger interfacial
area per chain at the air-liquid interface.59 As a result,

F I G U R E 2 a) Newtonian viscosity η and b) surface tension

σ of polysorbate 20 and 80 solutions. Solutions did not exhibit

shear thinning up to ¤γ = 20 s-1. At low concentrations, η is

equal between polysorbates, whereas σ is ∼ 10% lower for

PS20 solutions. At high concentrations, η is larger for PS80

solutions, whereas σ plateaus due to saturation at the air-

liquid interface and is equal for PS20 and PS80.

a lower density surface layer forms at the interface in
PS80 solutions. Additionally, PS20 occupies the interfa-
cial region in substantially higher quantities than PS80,
forming a thicker interfacial layer.59,61,62

DoS measurements on polysorbate 20 and 80 solu-
tions reveal that the capillary thinning behavior of both
surfactants is dominated by inertia and surface tension
forces (inertiocapillary thinning, Eq. 2), for aqueous con-
centrations up to 200 mg/mL. Representative radial de-
cay data from PS20 (pink symbols) and PS80 (blue sym-
bols) is shown in Figure 3a; Figure 3b shows the same
data on a log-log scaling shifted by tb to better visualize
the power law scaling in different regions during thin-
ning. Note that while Figure 3 shows only a representa-
tive trial per solution, all solutions exhibit thinning and
breakup behavior that is highly reproducible. This repro-
ducibility is reflected in the narrow distribution and 95%
confidence intervals around parameters like the power
law index n and breakup time tb (Table 1; see SI.4 for all
raw data). Interestingly, polysorbate concentrations as
low as 1 mg/mL significantly increase the breakup time
versus that of pure water23 (tb = 3.3 ms, Table 1), by
∼ 20% and 30% for PS80 and PS20, respectively, due to
reduced surface tension forces (Figure 3a, Table 1).
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F I G U R E 3 Inertiocapillary (IC) thinning images of PS20

(a) vs. PS80 (b) solutions, from 1 mg/mL to 200 mg/mL.

Evolution of the liquid bridge radius is shown in time (c) and

on a timescale shifted by the breakup time, tb − t with a

constant shifted curve (dotted line) of n=2/3 to show the IC

scaling (d) (PS20: pink closed, PS80 blue open shapes).

While IC thinning occurs across polysorbate solu-
tions of ≤200 mg/mL, the average breakup time tb de-
pends both on polysorbate concentration and identity
(Figure 3, Table 1); here, differences in tb are statisti-
cally significant for PS20 vs. PS80 solutions at equiv-
alent concentrations. While the two molecules have
similar molecular weights and solution viscosities at 1
mg/mL PS, a 10% increase in breakup time occurs when
the surfactant is changed from PS80 (tb = 3.9 ms, blue
□ in Figure 3a) to PS20 (tb = 4.3 ms, pink ■). While
the total polysorbate concentration is small, this result
is not surprising given that the differences in thinning
behavior are driven by differences in surface tension; at
1 mg/mL, PS80 has a higher surface tension and thus
stronger forces driving thinning than PS20 (Figure 2).
For the same reasons, the breakup time for PS20 so-
lutions is also ∼20% longer than that for PS80 at 100
mg/mL PS (Figure 3, pink • and blue ◦, respectively).

Interestingly, themeasured breakup time for PS20 ex-
ceeds that of PS80 by ∼15% at higher concentrations
of 200 mg/mL polysorbate, despite the fact that the
two solution surface tensions are comparable. Examin-

ing the 2D images during thinning provides some insight
into these differences (Figure 3a-b). When PS is added
at 1mg/mL, the liquid bridge shape immediately prior to
breakup assumes a conical shape as is expected for IC
fluids.46,47 However, despite that the linearized thinning
profiles largely follow a t 2/3 scaling across PS solutions
in this concentration regime (Figure 3d, Table 1), the
2D images during thinning become substantially more
slender with increasing PS concentration (Figure 3a-b).
Similar to prior observations in concentrated P188 solu-
tions,23 while inertiocapillary behavior describes much
of the thinning behavior well, this model is often in-
sufficient to describe the entire thinning process in in-
creasingly concentrated solutions near the concentra-
tion border of where flow behaviors such as weak elas-
ticity are observed. This trend becomes apparent when
the calculated IC thinning timescale tR is compared with
tb , which diverge with increasing solution concentra-
tion (S1). The narrowing of the filament shape with in-
creasing PS content is particularly evident in PS80-200,
which maintains the t 2/3 scaling at the start of thinning
(long tb − t ) but deviates near breakup at short tb − t

(Table 1). This increase in power law index near the end
of thinning could indicate proximity to either viscocap-
illary thinning (Eq. 3) or weakly elastic thinning (Eq. 4);
however given the low Oh for PS80-200 (Oh ≈ 0.03),
proximity to the latter phenomenon is more likely.

In contrast to prior DoS measurements by Lauser
et al. 23 on concentrated P188 (200 mg/mL), here nei-
ther PS solution exhibits clear weakly elastic behavior
at the equivalent concentration. Instead, the slight in-
crease in slope and liquid bridge shapes observed prior
to breakup in PS80-200 are similar to the behavior of
P188 at half the aqueous concentration (100mg/mL).23
These comparisons suggest that, perhaps as expected,
the higher molecular weight of P188 solutions (8.4 kDa
vs. ∼1 kDa for polysorbates) substantially contributes to
the higher elasticity and lower concentration at which
weak elasticity is observed in those solutions. Addition-
ally, the comparable P188 solutions consisted primarily
of unimers,23 whichmay undergomore chain stretching
than spherical micelles; prior DoS experiments on spher-
ical poloxamer micelles showed no weakly elastic flow
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behavior, albeit at lower solution concentrations.63

4.2 IC thinning of OVA/PS solutions

DoS measurements on OVA formulations in the pres-
ence of polysorbate excipients reveal that, similar to
PS-only solutions, the breakup behavior of OVA/PS so-
lutions is inertiocapillary-driven up to 200 mg/mL to-
tal solution concentration (Eq. 2). As expected, the
entirety of the thinning behavior for these solutions
is well-captured by a t 2/3 power law scaling (Figure
4d, Table 1), indicating thinning behavior dominated
by inertia and surface tension forces. While dilute so-
lutions of 1 mg/mL PS-only showed distinct flow be-
haviors for PS80 vs. PS20, adding 1 mg/mL PS80 or
PS20 to moderately-concentrated 100 mg/mL OVA (de-
noted OVA100/PS80-1 and OVA100/PS20-1, respec-
tively) leads to capillary thinning behavior that is sta-
tistically independent of PS identity (Figure 4), due to
the small PS quantity. In 1 mg/mL PS-only solutions,
differences in σ between PS80 and PS20 explained
the longer breakup times in PS20 solutions. However
here, the measured breakup times for OVA100/PS80-
1 and OVA100/PS20-1 are identical within statistical
certainty, which is perhaps unsurprising given that the
surface tensions for the two solutions are also equal
(Table 1). The surface tensions for these more concen-
trated OVA/PS solutions are also lower than that of the
1 mg/mL PS-only solutions, suggesting that OVA mi-
grates to the air-liquid interface to further lower σ . The
equal σ between the two OVA solutions with 1 mg/mL
PS also suggests that OVA plays a substantial role in
lowering the surface tension, given that σ depends on
PS identity for 1 mg/mL PS-only solutions. This conclu-
sion is reasonable given that OVA has a mass concen-
tration that is 100-fold larger than that of PS in these
solutions, and can thus can effectively compete with PS
at the air-liquid interface. Note that while PS identity is
unimportant at these low PS contents, adding 1 mg/mL
PS to OVA100 does prolong the breakup event relative
to 100mg/mLOVA-only, due to the weaker surface ten-
sion forces in PS-containing solutions.

Despite similar timescales for breakup at low polysor-

F I G U R E 4 Inertiocapillary (IC) thinning behavior of 100

mg/mL OVA with added PS20 or PS80. Evolution of the liquid

bridge radius is shown with images for PS20 (a) and PS80

(b), in radius by time data (c) and on a timescale shifted by

the breakup time, tb − t with a constant shifted curve (dotted

line) of n=2/3 to show the IC scaling (d)

bate content, differences in the extensional flow be-
havior with increasing PS content are well-illustrated
by solutions of 100 mg/mL OVA with an additional
100 mg/mL PS80 or PS20 (OVA100/PS80-100 and
OVA100/PS20-100, Table 1). Remarkably, the radial
decay curves, thinning index n , and breakup times of
OVA100 in the presence of 100 mg/mL PS80 are statis-
tically identical to those of OVA100with 1mg/mL PS80
– despite that the total macromolecule concentration in
solution is twice as large as for OVA100/PS80-100 (Fig-
ure 4c-d). Unlike in 200 mg/mL PS80-only solutions,
the characteristic IC scaling of t 2/3 is sufficient to de-
scribe the entirety of the thinning behavior for both of
these OVA/PS80 solutions (Table 1). Here, σ is statisti-
cally identical for OVA100/PS80-1 and OVA100/PS80-
100, suggesting that the additional PS80 in the latter
case does not lower the surface tension meaningfully.
As concentrations of as low as 1 mg/mL PS80 are still
far above the PS80 CMC (∼0.02mg/mL30,36), formation
of PS80 micelles may be favored over further adsorp-
tion of PS80 to the air-liquid interface in this concentra-
tion regime18; PS80 could also replace OVA at the inter-
face but not in sufficiently large quantities to lower the
surface tension. As the 2D images during thinning are
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TA B L E 1 Solutions measured via DoS and associated surface tension σ, breakup time tb , and initial and final thinning indices,

n0 and n. Reported uncertainty is the 95% confidence interval of the parameter value based on fits to all trials (see SI.4 for

all raw data). Only n is fit for solutions that are well-described by a single power law index across the entire dataset; however,

many reported n and n0 values overlap, suggesting a single n may be sufficient. * indicates data from Lauser et al. 23, † indicates

solution displays weakly elastic thinning in region where n is fit.

sample total conc. [mg/mL] σ [mN/m] tb [ms] n0 n

water* 0 74.1 ± 1.9 3.3 ± 0.1 N/A 0.64 ± 0.02
OVA100* 100 47.5 ± 1.3 4.4 ± 0.3 N/A 0.64 ± 0.02
OVA200* 200 42.1 ± 1.2 6.1 ± 0.4 0.62 ± 0.01 0.64 ± 0.02
PS20-1 1 42.9 ± 1.9 4.3 ± 0.2 N/A 0.67± 0.01
PS20-100 100 38.5 ± 0.5 5.7 ± 0.1 N/A 0.61 ± 0.01
PS20-200 200 34.6 ± 0.9 6.1 ± 0.1 N/A 0.63 ± 0.01
PS20-250 250 34.2 ± 0.8 10.3 ± 0.5 0.59 ± 0.01 0.87 ± 0.08†
PS80-1 1 47.5 ± 0.9 3.9 ± 0.1 N/A 0.68 ± 0.01
PS80-100 100 44.5 ± 0.9 4.4 ± 0.4 N/A 0.63 ± 0.01
PS80-200 200 36.3 ± 0.9 7.1 ± 0.3 0.61 ± 0.01 0.79 ± 0.03
PS80-250 250 34.2 ± 1.5 11.5 ± 1.0 0.44 ± 0.06 0.83 ± 0.04†
OVA100/PS20-1 101 38.1 ± 0.4 5.1 ± 0.2 N/A 0.64 ± 0.01
OVA100/PS20-100 200 36.3 ± 0.5 6.5 ± 0.3 0.65 ± 0.03 0.62 ± 0.01
OVA200/PS20-10 210 36.5 ± 0.4 9.4 ± 0.5 0.54 ± 0.02 0.60 ± 0.03
OVA200/PS20-50 250 35.3 ± 1.1 12.1 ± 0.7 0.51 ± 0.01 0.69 ± 0.03†
OVA200/PS20-100 300 34.3 ± 0.4 16.3 ± 1.4 0.44 ± 0.05 0.84 ± 0.04†
OVA100/PS80-1 101 39.0 ± 0.6 4.9 ± 0.3 N/A 0.64 ± 0.02
OVA100/PS80-100 200 38.1 ± 0.8 5.0 ± 0.1 0.65 ± 0.02 0.64 ± 0.02
OVA200/PS80-10 210 38.7 ± 0.5 10.9 ± 0.1 0.51 ± 0.01 0.64 ± 0.03
OVA200/PS80-50 250 36.3 ± 0.6 12.2 ± 0.6 0.51 ± 0.03 0.71 ± 0.02†
OVA200/PS80-100 300 35.5 ± 1.0 18.4 ± 1.6 0.42 ± 0.07 0.85 ± 0.04†

similar in shape and narrow only slightly with increasing
PS80 content (Figure 4b), any possiblemicelle formation
or crowding imparted by the additional PS80 in solution
is insufficient to induce weakly elastic behavior.

The surface tension of OVA100/PS80-100 solutions
is lower than for PS80-100, suggesting that similar to so-
lutions containing only 1 mg/mL PS, OVA is still present
at the interface and meaningfully lowers σ at these
higher PS concentrations. The lower surface tension
in OVA100/PS80-100 vs. PS80-100 leads to breakup
times that are ∼15% longer (Table 1). Similar phenom-
ena are observed for PS20-100 and OVA100/PS20-
100, where OVA addition in the latter case reduces σ

and extends tb by ∼15%.
In contrast to PS80-containing OVA solutions, the

breakup behavior for PS20-containing OVA solutions

depends on PS20 concentration. Here, OVA100/PS20-
100 has a lower surface tension than OVA100/PS20-
1, unlike in the analogous PS80-containing formulations
where σ is identical. This lower σ in the OVA100/PS20-
100 solution leads to a dramatic lengthening in tb of
>25% vs. tb for OVA100/PS20-1 (Figure 4c-d). Nev-
ertheless, just as in the PS80-containing solutions, the
2D images during thinning are similar in shape and nar-
row only slightly with additional PS20 content (Figure
4a), suggesting that IC-dominated thinning occurs re-
gardless of additional PS20 adsorbed to the air-liquid
interface or potential PS20 micelle formation. Note
that while PS20 has a higher CMC than PS80 (∼0.06
mg/mL30,36), 1 mg/mL PS20 is still far above this
value, suggesting a high likelihood of micelle formation
given the limited interactions between PS20 and albu-
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mins.31,41 Additionally, PS20 more effectively displaces
albumins at air-liquid interfaces than PS80,61 thus the
greater reduction in σ in OVA100 with increasing PS20
vs. PS80 may be due to a greater replacement of OVA
by PS20 at the interface. Despite these differences be-
tween PS20- and PS80-containing solutions, the 2D im-
ages during thinning are nearly identical in shape for
analogous PS20- vs PS80-containing solutions (Figure
4a vs. b), again confirming that inertia and surface ten-
sion forces dictate the flow behavior in this concentra-
tion regime regardless of PS identity.

4.3 Extensional flow of concentrated OVA
with increasing polysorbate

While high concentration (200 mg/mL) polysorbate and
OVA/PS solutions primarily exhibited inertiocapillary
thinning, similar to prior work on OVA/P188 solu-
tions,23 the increasingly slender liquid bridge shapes im-
mediately prior to breakup suggest that these solutions
are in a concentration regime nearing a transition to
weakly elastic thinning behavior. Given that injectable
therapeutic formulations aim to maximize protein con-
tent and minimize excipient content,17 solutions con-
taining higher protein content (200mg/mL)with increas-
ing excipient content (10, 50, and 100 mg/mL) were
next examined to determine if these formulations con-
tinue to thin following IC behavior or if weakly elastic
flow behavior instead emerges; representative DoS tri-
als for OVA200 with increasing content of each PS are
shown in Figure 5.

While polysorbate-only solutions and
OVA/polysorbate solutions at 200 mg/mL exhibit
IC thinning behavior, adding PS to OVA200 results
in weakly elastic flow behavior in a number of for-
mulations (Figure 5). Remarkably, the flow behavior
of concentrated OVA transitions to weakly elastic
thinning with as little as 10 mg/mL PS80. As seen in
the 2D images immediately prior to breakup (Figure 5a,
blue top row), the liquid bridge becomes notably more
cylindrical, with an elastic filament observed in the final
frame. Notably, while the 2D images in the analogous
formulation containing PS20 (OVA200/PS20-10) also

become more slender than the traditional cone shape
observed in inviscid fluids46,47 (Figure 3a, top row),
clear differences can be seen when these 2D images
are compared to those for OVA200/PS80-10. Based
on these 2D images and that the slope of the linearized
radial decay data does not increase above 2/3 prior
to breakup (Figure 5d), this formulation still exhibits
primarily IC thinning behavior. The difference in surface
tension between these two solutions further supports
this conclusion, as OVA200/PS80-10 has a statistically
higher surface tension than OVA200/PS20-10 (Table
1). If the extensional flow behavior for both solutions
was purely driven by inertia and surface tension,
OVA200/PS80-10 would exhibit shorter breakup times
than OVA200/PS20-10 due to the higher surface
tension forces acting on the liquid bridge. Instead, tb
is substantially higher in OVA200/PS80-10 solutions
(Table 1), as can be seen by the vertical lines in Figure
5b-c. Given that the thinning indices at the end of
thinning, n , and the beginning of thinning, n0, are
comparable between solutions, the lengthening of the
extensional flow response in 200 mg/mL OVA solutions
containing 10 mg/mL PS80 vs. those containing PS20
is attributed to the emergence of the weakly elastic
flow regime prior to breakup. That the PS80-containing
solution transitions to weakly elastic flow behavior
at lower concentrations than the PS20-containing
solution is perhaps unsurprising given that PS80-200 is
closer to the onset of this transition than PS20-200.

The emergence of weakly elastic flow behavior in
OVA200/PS80-10 is also apparent when the 2D images
and breakup times are compared to those for the IC-
dominated OVA100/PS80-100 solutions. While these
solutions have nearly equal total solution concentra-
tions (∼200 mg/mL), the filament immediately prior to
breakup for OVA200/PS80-10 is slender and cylindrical
whereas OVA100/PS80-100 maintains a conical shape
which only slightly narrows in comparison to lower con-
centration solutions (Figure 5a vs. Figure 4b). These two
solutions have identical surface tensions (Table 1), yet
the breakup times for OVA200/PS80-10 are over dou-
ble that of OVA100/PS80-100, clearly indicating that
IC thinning alone is insufficient to fully describe the ex-
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F I G U R E 5 (a) 2D images of the thinning behavior of OVA200 solutions with added PS20 and PS80 (10, 50, 100 mg/mL).

Evolution of the liquid bridge radius is shown in time for (b) PS20 and (d) PS80, and on a timescale shifted by tb − t in (c) for

PS20 and (e) for PS80. In (b,d), dotted lines after each tb are included for visual aid to compare analogous tb ; OVA200 is shown

in gray for reference. In (c,e), dotted lines are fits to the semi-empirical Anna-McKinley model (Eq. 4). 53

tensional behavior. Interestingly, while OVA200/PS20-
10 does not exhibit a clear transition to weakly elastic
behavior, its breakup time is still prolonged by ∼40%
in comparison to OVA100/PS20-100 despite equal σ ,
just as in the analogous PS80-containing solutions. This
behavior is attributed to the high solution OVA con-
tent, which has previously been shown to slow the initial
thinning process characterized by index n0

23 (Table 1),
which may reflect the particle-like nature of OVA.23,52

With increasing polysorbate concentration (≥50
mg/mL), differences in extensional flow behavior be-
tween solutions containing PS20 vs. PS80 virtually dis-
appear, as suggested by the nearly identical 2D snap-
shots during thinning when solutions containing PS20
are compared to those containing PS80 (Figure 5a). This
similarity in thinning behavior leads to breakup times
that are identical within statistical certainty for analo-
gous PS20- and PS80-containing solutions (see vertical
lines in Figure 5b-c, Table 1). The 2D images prior to
breakup appear similar between OVA solutions contain-
ing either 10mg/mL or 50mg/mL PS80, suggesting that

both solutions exhibit weakly elastic extensional flow
behavior. Conversely, the filament becomes notably
more slender and cylindrical when OVA200 solutions
containing 50 mg/mL PS20 are compared to those con-
taining 10 mg/mL PS20 (Figure 5a), suggesting that by
50 mg/mL PS20, the solution has transitioned from IC-
dominated to weakly elastic thinning immediately prior
to breakup. Similar thinning shapes are observed at the
highest PS content for both PS20 and PS80, confirming
that weakly elastic thinning persists with increasing PS
content.

In these crowded solutions, the surface tensions have
reached a near plateau value with increasing concentra-
tion, and are statistically identical between analogous
solutions containing OVA with PS80 or PS20 (Table 1).
This finding is unsurprising given that at high macro-
molecule concentrations, the air-water interface will be-
come saturated; a similar plateau in the surface tension
is observed with increasing concentration in PS-only so-
lutions (Figure 2). However similar to observations in
OVA/P188 solutions,23 OVA reduces the surface ten-
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sion less effectively than PS on a per mass basis (Table
1); for example, at 200 mg/mL concentration, the sur-
face tension is ∼20% lower in PS solutions vs. OVA solu-
tions. Thus while distinct differences in σ are observed
based on PS identity in OVA200/PS-10 solutions due
to low PS content, further increasing PS content largely
eliminates these differences, thereby removing the ma-
jor mechanism driving distinct IC breakup timescales at
lower solution concentrations.

Theweakly elastic flow behavior observed inOVA so-
lutionswith ≥50mg/mL PS is fit with the semi-empirical
Anna-McKinleymodel to extract rheological parameters
(Eq. 4), confirming that no statistically significant differ-
ences in extensional flow behavior are observed based
on PS identity in this concentration regime (Table 2).
Here, a distinct transition to elastocapillary thinning (Eq.
5) is never observed, justifying the use of Eq. 4; note
that due to a scarcity of points and large number of fit-
ting parameters in Eq. 4, OVA200/PS80-10 trials were
not fit to avoid over-fitting. Both OVA200 solutions
containing 100 mg/mL PS exhibit extensional relaxation
times of λE ≈ 4 ms; the corresponding infinite exten-
sional viscosities and elastic filament lifetimes are also
statistically identical: η∞E ∼ 0.16 Pa·s and tE ∼ 1.4 ms,
respectively. As expected, OVA200 formulations con-
taining less polysorbate (50 mg/mL) exhibit shorter λE
and tE than solutions containing 100 mg/mL PS (Table
2). However just as in their higher PS-content counter-
parts, the extracted rheological parameters are indepen-
dent of PS identity for OVA200/PS-50 formulations.

The conclusion that the thinning behavior is indepen-
dent of PS identity for ultra-high concentration (≥250
mg/mL) OVA/PS solutions is supported by DoS mea-
surements on 250 mg/mL PS solutions, which are also
indistinguishable based on PS identity (Figure 6). In-
creasing the concentration from 200 mg/mL to 250
mg/mL for both polysorbates results in a transition from
IC-dominated to weakly elastic thinning immediately
prior to breakup, where tb also increases by >60% (Ta-
ble 1). As shown in Figure 6, the 2D images, radial de-
cay profiles, and linearized decay profiles are all nearly
identical between 250 mg/mL PS20 and PS80; unsur-
prisingly, extracted rheological parameters using Eq. 4

TA B L E 2 Extensional flow parameters extracted using the

semi-empirical Anna-McKinley model for weakly elastic flow

behavior (Eq. 4). No statistically significant differences in λE ,

η∞E , or tE are observed for analogous solutions with either

PS20 or PS80; however, statistically significant differences

in λE and tE are observed between each formulation type.

Reported uncertainties are the 95% confidence intervals

around mean values from multiple trials.

sample total conc. λE η∞E tE

[mg/mL] [ms] [Pa· s] [ms]
OVA200/PS20-50 250 2.5 ± 0.2 0.15 ± 0.01 0.5 ± 0.1
OVA200/PS80-50 250 2.6 ± 0.1 0.15 ± 0.01 0.6 ± 0.1
OVA200/PS20-100 300 4.0 ± 0.1 0.16 ± 0.01 1.3 ± 0.1
OVA200/PS80-100 300 4.1 ± 0.1 0.17 ± 0.02 1.5 ± 0.1

PS20-250 250 2.9 ± 0.2 0.14 ± 0.01 0.9 ± 0.1
PS80-250 250 3.0 ± 0.2 0.14 ± 0.02 0.8 ± 0.1

are also identical (Table 2). While differences in flow be-
havior based on PS identity at total concentrations be-
low 200 mg/mL are primarily driven by surface tension
differences, here the solutions are sufficiently concen-
trated such that σ is identical between the two polysor-
bates (Figure 2, Table 1). Thus without surface tension
differences to drive changes in extensional flow behav-
ior, these crowded PS solutions exhibit similar thinning
behaviors due to their identical concentration in solu-
tion; the marginally higher shear viscosity and slightly
larger micelle size40 for PS80 solutions is insufficient to
change the extensional flow behavior appreciably.

The magnitude of the rheological parameters ex-
tracted from fits to Eq. 4 across high concentration so-
lutions also supports the prior conclusion that this tran-
sition to weakly elastic thinning depends on both PS
content and total solution concentration. At equal so-
lution concentration (250 mg/mL), the extensional re-
laxation time and elastic filament lifetime are longer for
PS-only solutions than for OVA200/PS-50 solutions (Ta-
ble 2); this finding suggests that polysorbate contributes
more to the weakly elastic flow behavior than OVA,
as expected given that OVA-only solutions never show
weakly elastic thinning. However, OVA contributes to
this flow phenomenon by increasing the total concen-
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F I G U R E 6 (a) Images of weakly elastic thinning behavior

of 250 mg/mL PS20 and PS80. (b) Evolution of the liquid

bridge radius is shown in time, and (c) on a shifted timescale,

tb − t . Fits to Eq. 4 are shown in dashed lines. As can

be deduced by the images and radial decay profiles, no

statistically significant difference in extensional flow behavior

is observed between these two high PS content solutions.

tration, which also critically impacts the observed elas-
ticity. For example, higher concentration OVA200/PS-
100 solutions (300 mg/mL) have larger λE and tE than
250 mg/mL PS-only solutions, and the increase in λE is
substantially more when the solution concentration is
increased (OVA200/PS-100 vs. PS250) vs. when the
PS content is increased at constant total concentration
(PS250 vs. OVA200/PS-50).

4.4 Dependence of extensional flow behav-
ior on formulation parameters

The dominant flow behavior in OVA/PS solutions de-
pends on total solution concentration, which dictates
the relative importance of PS identity vs. quantity.
At and below 200 mg/mL, thinning behavior is driven
by inertial and surface tension forces (IC thinning) in
OVA-only, PS-only, and OVA/PS solutions. In all cases
where weakly elastic thinning is observed, the pres-
ence of both OVA and polysorbate are required; note
that both OVA200 and OVA300 exhibit IC thinning be-
havior23. This conclusion is similar to that in prior

work on OVA/P188 solutions; however OVA200 was
examined only with high P188 content (100 mg/mL).23
That weakly elastic thinning behavior in extensional
flow emerges in ultra-concentrated solutions at substan-
tially lower excipient concentrations than previously ob-
served underscores the importance of selecting proper
excipients – and of assessing both shear and extensional
flow properties, as the shear rheology for PS-only solu-
tions showed Newtonian behavior over the measured
shear rate range.

Above 200 mg/mL total concentration, the observed
flow behavior is a function of solution composition and
relative quantity of PS to OVA. The distinct behavior ob-
served between PS80- and PS20-containing OVA for-
mulations with 10 mg/mL PS suggests that the polysor-
bate identity impacts the observed flow behavior in
high OVA content solutions when PS is present in small
amounts. As OVA-only solutions at 300 mg/mL exhibit
only IC thinning, this weakly elastic flow behavior can-
not be explained entirely by the small increase in solu-
tion concentration to 210 mg/mL. However, the emer-
gence of weakly elastic flow behavior with the addition
of only an additional 10 mg/mL material to the solu-
tion is unsurprising given prior work showing an expo-
nential rise in protein solution shear viscosity can oc-
cur with increasing concentration in ultra-high concen-
tration therapeutics.7,14 These large changes in shear
viscosity with small increases inmacromolecule solution
concentration often occur due to changing interactions
between components in solution.

In the 200 mg/mL OVA solutions with 10 mg/mL
PS, the differing interactions that PS20 vs. PS80 have
with OVA could influence the appearance of the weakly
elastic behavior, among other factors. We note that
while the nature of DoS measurements leads solutions
to experience non-uniform extension rates, these solu-
tions all experience similar extension rate profiles (SI.2).
While PS20 and PS80 solutions have identical zero-
shear viscosities at low concentrations (Figure 2), at high
polysorbate content, PS80 has a higher viscosity than
PS20. While the zero-shear viscosity cannot be mea-
sured accurately in the protein-containing solutions in
a conventional rheometer, the high solution concentra-
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tion here could also lead to a higher zero-shear viscos-
ity for OVA200/PS80-10 than for OVA200/PS20-10. If
the zero-shear viscosity became sufficiently large such
that viscous forces became important in the thinning
process (Oh > 1, Eq. 1), the radial decay would also
be expected to slow for the OVA200/PS80-10 solution.
However, given that the 250mg/mLPS solutions exhibit
identical thinning behavior despite differences in zero-
shear viscosity (Figure 2), any viscosity differences im-
pacting the extensional flow behavior are likely instead
due to OVA/PS interactions. Additionally, as greater
surface tension would suggest a faster – not longer –
breakup time for OVA200/PS80-10 vs. OVA200/PS20-
10, the observed differences in extensional flow be-
havior are hypothesized to be largely due to differing
interactions between OVA and each polysorbate; po-
tential differences in elasticity originating from the PS
itself could also contribute, given that PS80-200 ap-
peared closer to the onset of weak elasticity than PS20-
200. Thus consistentwith priorwork showing that PS20
and PS80 in low quantities impact the shear viscosity
of ultra-concentrated proteins differently,14 PS identity
appears to critically impact extensional flowmetrics dic-
tating injectability in ultra-concentrated proteins when
added at low concentrations, as is current practice.

That the 200 mg/mL OVA solutions thin nearly iden-
tically in the presence of either polysorbate once the
PS concentration is at or above 50 mg/mL suggests
that the flow behavior in this concentration regime is
largely dictated by solution concentration and excluded
volume effects rather than the PS identity. This hy-
pothesis is reasonable given that the large number of
prior works on PS20 vs. PS80 solution behaviors con-
cluding that differences in PS-albumin interactions be-
tween the two polysorbates are small.31,37,41 In the limit
of a small PS:OVA ratio, the polysorbate identity and
impact on surface tension and interactions with OVA
are more likely to alter the flow properties vs. the
regime in which both PS and OVA content are high. Ad-
ditionally, differences in extensional flow behavior be-
tween theOVA/PS solutions at lowerOVA content (100
mg/mL)were largely driven by differences in surface ten-
sion; whereas in analogous higher concentration formu-

lations, no statistically significant differences in surface
tension are observed.

While current formulations employ low concen-
trations of nonionic surfactant excipients,17 numer-
ous studies have shown that increasing the excipi-
ent content may be required for stability and opti-
mal shear viscosity in ultra-high concentration formu-
lations.14,33 While selecting PS20 over PS80 may be
preferable for improving injectability at low PS content
like in OVA200/PS-10, in these high excipient content
regimes, differentiating between PS identities may not
be necessary during formulation. Instead, a focus on re-
ducing weakly elastic behavior – which could detrimen-
tally impact protein structure and formulation injectabil-
ity but will likely occur at these higher surfactant con-
tents – should be pursued. Finally, we note that this ex-
cipient selection criteria is solely based on extensional
flow stability: excipient-dependent interactions at rest
or in shear flows can lead to degradation or other stabil-
ity loss over long timescales, and must also be carefully
considered.16–18

5 Conclusions

While both polysorbates have similar molecular weights
and headgroups, the extensional flow behavior of
ovalbumin-polysorbate solutions greatly depends on
polysorbate identity in two regimes: when the to-
tal solution concentration is ≤200 mg/mL or in
ultra-concentrated OVA when the PS:OVA ratio is
small. In less concentrated solutions exhibiting primar-
ily inertiocapillary-driven thinning, associated breakup
times are longer in PS20-containing solutions, due to
its higher efficiency in reducing the solution surface
tension. Similar to prior work on polymeric excipient-
protein solutions, undesirable elasticity is still observed
in some high-concentration OVA/excipient formula-
tions. In comparison to higher molecular weight P188
excipients, polysorbate-only solutions require substan-
tially higher concentrations to transition to weakly elas-
tic flow behavior; this difference is attributed to the
more compact PS structure and the presence of micelles
in solution vs. P188 unimers that can stretch under ex-
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tension.
Evidence from polysorbate-only solutions and from

concentrated OVA with low PS content suggests that
PS80-containing solutions transition to weakly elastic
thinning behaviors at lower concentrations than those
containing PS20. Notably, a transition to weakly elastic
flow behavior can be observed with addition of as little
as 10 mg/mL PS80 to concentrated OVA (200 mg/mL);
in the analogous PS20 formulation, inertiocapillary thin-
ning is instead observed. Thus in this low PS:OVA ra-
tio regime, PS identity can influence the observed flow
regime. However, beyond a critical PS content, the ex-
tensional flow behavior in PS-only and OVA/PS solu-
tions becomes indistinguishable based on PS identity.
In agreement with prior stability studies, the reported
extensional flow behaviors suggest that the protective
interactions between proteins and excipients in dilute
solution may be mitigated in more crowded solution en-
vironments, motivating the design and development of
novel excipients for ultra-high concentration formula-
tions. Additionally, the stark contrast in the observed
shear vs. extensional flow behavior in protein-excipient
solutions demonstrates the need to evaluate formula-
tion stability with respect to both shear and extensional
flow properties. The dripping-onto-substrate method-
ology thus provides one straightforward route to as-
sess the extensional rheology and injectability of protein
solutions containing new excipients specifically formu-
lated for flow stability.
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