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Small-volume extensional rheology of concentrated pro-
tein and protein-excipient solutions†

Kathleen T. Lauser, Amy L. Rueter, and Michelle A. Calabrese∗

Limited studies measure extensional rheology in protein solutions due to volume constraints and
measurement challenges. We developed a small-volume, Dripping-onto-Substrate (DoS) extensional
rheology device to measure the capillary thinning of protein and protein-excipient solutions via DoS
for the first time. Ovalbumin (OVA) was used as a model system, examined via DoS both with and
without excipient poloxamer 188 (P188). Water and dilute OVA break apart rapidly and demonstrate
inertiocapillary (IC) thinning behavior, where longer breakup times in OVA can be attributed to lower
surface tension. Further increasing OVA content leads to longer breakup times and deviations from
IC thinning at the start of thinning, however, no evidence of elastic behavior is observed. P188 more
effectively lowers the droplet surface tension than OVA, transitioning from IC behavior in dilute so-
lution to weakly elastic behavior at higher concentrations. Combined protein/excipient formulations
act synergistically at low concentrations, where breakup times are identical to those of the individual
components despite the higher total concentration. However concentrated protein/excipient formu-
lations exhibit elasticity, where extensional rheology parameters depend on P188 content and total
concentration. These findings imply that excipients intended to stabilize proteins in shear flow can
cause undesirable behavior in extensional flows like injection.

1 Introduction
Solution-based protein therapeutics, such as insulin or mono-
clonal antibodies (mAbs), are important novel treatments for
complex diseases including cancer, infectious and autoimmune
diseases, and allergies, with global sales of over $288 billion in
2016.1,2 These therapeutics, often administered via intravenous
injection, are orders of magnitude larger than small molecule
drugs, have complex secondary and tertiary structures, and are
difficult to produce. Unsurprisingly, the size and complexity of
these and cellular therapeutics cause substantial challenges in de-
velopment, delivery and stability.3–6 New protein therapeutics are
screened based on their stability and viscosity at rest, largely dic-
tated by concentration and interactions between proteins.7 How-
ever, these metrics are not indicative of stability during injection
flows4 which contain strong shear and extensional forces that
accelerate protein aggregation and denaturing, subsequently re-
ducing clinical efficiency and antibody response.8 Additional FDA
guidelines on injection viscosity and volume have led to admin-
istration via dilute, low viscosity intravenous injections, which
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require long, expensive hospital treatments.7,9,10

Delivery via rapid intravenous injection or subcutaneous injec-
tion would reduce the burden on the healthcare system,7,9–11 but
requires small volume, concentrated formulations and smaller
needles, which increase shear and extensional deformation
rates.8,10 Thus accurately measuring therapeutic flow proper-
ties during extensional flows is necessary to develop flow-stable
concentrated therapeutics with minimal adverse interactions be-
tween formulation components, thereby improving patient safety
and access to treatment while reducing healthcare costs. How-
ever, accurately measuring protein rheology is complicated, as
air-liquid and solid-liquid interfaces substantially affect the mea-
surement due to aggregation at these interfaces driven by dif-
ferences in interfacial tension.12–14 Proteins, like surfactants and
polymers, migrate to droplet interfaces and aggregate, thus re-
ducing the surface tension of the droplet. In shear rheology, this
aggregation can cause film formation which dominates the torque
signal and extracted rheological parameters, often on a timescale
of hours5,13–20; thus many studies of proteins in shear flow are
incomplete or inconclusive.

Adding stabilizing surfactant excipients is one route to reduce
the aggregation and resulting shear viscosity, though protein-
excipient interactions during extensional flows are not well un-
derstood. Recently, Rodrigues et. al examined the rheological
properties of concentrated protein/excipient formulations, not-
ing that excipients added to enhance protein solution stability are
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typically evaluated at low protein concentration.21 The authors
show that a crowded solution environment may significantly im-
pact protein/excipient interactions, increasing viscosity and ag-
gregation. However here, only the shear viscosity of concentrated
protein/excipient formulations was examined, which may not ac-
curately represent extensional rheological properties.

The extensional flow of protein solutions is even more sparsely
studied than shear due to experimental limitations.22 While
stretching a solid is trivial, no simple equivalence for gripping
and stretching a fluid exists. Unlike in shear rheology, extensional
rheology requires sample re-loading after each test, necessitating
large protein volumes. Finally, most extensional flow devices pro-
duce mixed shear and extensional flows, cover limited extension
rates, or are not commercially available.5,23,24 Limited experi-
mental studies on proteins in extensional flow primarily focus on
dilute, nearly Newtonian solutions in microfluidic devices.25–28

Elongational flow was shown to cause aggregation, unfolding,
and fiber formation, the degree to which depends on protein
size, pH, concentration and sequence.26–29 However, few of these
studies extracted fundamental rheological parameters like exten-
sional viscosity and relaxation time, or processing parameters like
droplet break-up time, which are required to understand and pre-
dict protein stability and to meet FDA guidelines.5,9–11

The limited studies to extract rheological parameters demon-
strate the need for additional tools to measure protein exten-
sional rheology. Hosseini and co-workers observed elastic thin-
ning behavior in dilute tau proteins (10 mg/mL) using a modi-
fied tensiometer for liquid bridge generation; extracted viscoelas-
tic relaxation times were similar in magnitude to those for dilute
polyethylene oxide (PEO) solutions.29 Brust et al. showed that
dilute bovine serum albumin (BSA) solutions are Newtownian in
both shear and extensional rheology experiments. However, the
authors found that while blood and blood plasma exhibit Newto-
nian behavior in shear, pronounced elasticity is observed in exten-
sion, with extensional relaxation times comparable to those ob-
served in viscoelastic PEO controls.22 Based on the flow regimes
occurring prior to the observed elasticity and the rapid capillary
thinning timescales (typically ms), these works could eliminate
the presence of a protein interfacial film as a substantial contrib-
utor to the measured rheology. The appearance of viscoelastic be-
havior in protein solutions during extension that is undetectable
in shear further motivates accurate extensional rheology mea-
surements on concentrated protein therapeutics, which are more
likely to be non-Newtonian than their dilute counterparts.30,31

Capillary-driven thinning of a liquid bridge can be used to mea-
sure extensional rheology (Fig. 1), as no active external forces are
present during break-up.24,32 Liquid bridge thinning is mathe-
matically described by distinct behavioral regimes accounting for
inertial, viscous, elastic, and capillary forces. Here, the dimen-
sionless Ohnesorge number quantifies viscous forces to inertial
and surface tension forces and dictates the dominant flow regime:

Oh =
µ√

ρσR0
(1)

where µ, ρ, σ and R0 are the dynamic viscosity, density, surface
tension and outer radius of the nozzle respectively.24,32,33 Exten-

sional rheology parameters and timescales are then determined
by fitting the temporal decay of the fluid filament radius. For
example, when Oh < 1, inertial and surface tension forces domi-
nate, known as inertiocapillary (IC) thinning; viscocapillary (VC)
thinning occurs when Oh > 1. While commercial instruments like
the Capillary Breakup Extensional Rheometer (CaBER) can mea-
sure capillary thinning in complex fluids, these instruments apply
a step strain via plate separation to form the liquid bridge. Unfor-
tunately, this step strain causes pre-deformation that can impact
extracted rheological parameters and excludes measuring low vis-
cosity fluids like proteins because the thinning timescale is similar
to that for plate separation.23,32,34

Dripping-onto-Substrate (DoS) rheology, originally pioneered
by Dinic and Sharma,32,35 allows access to a wider range of ex-
tension rates, viscosities and concentrations and generates mini-
mal pre-deformation when compared to CaBER.32,36–38 DoS de-
vices employ a syringe pump at a low flowrate to create a sin-
gle hemispherical drop, which makes contact with a substrate to
form the liquid bridge.35 The time-dependent dimensions of the
liquid bridge are recorded by a high-speed camera; images are
then processed to obtain radial decay profiles and extract rheo-
logical properties. While DoS is most commonly used to examine
viscoelastic polymer solutions,32,39,40 the technique has also been
used for fluids like water and glycerol,35 surfactant solutions,41

and particle suspensions.42,43 The range of accessible viscosities
and flow regimes makes this technique ideal for studying of a
wide concentration range of protein solutions, which may exhibit
inertiocapillary through elastic behavior.22

Herein, we develop and validate a direct-mount DoS instru-
ment to measure the extensional flow behavior of dilute and con-
centrated protein solutions via DoS for the first time. The direct
mount approach enables a substantial reduction in sample vol-
ume, which is required due to scarcity of protein material and
cost, such that each measurement requires less than 10 µL total.
We then demonstrate the impact of increasing protein concentra-
tion on the extensional flow behavior and observed flow regimes
in ovalbumin (OVA) solutions. OVA was chosen as a model pro-
tein similar in size (44.3 kDa) to the globular insulin hexamer
(36 kDa). Though most protein therapeutics are larger than 100
kDa and extensional flow effects generally increase with molecu-
lar weight, insulin can lose reliability and efficacy depending on
the delivery method,3,8 motivating study of model proteins sub-
stantially smaller than 100 kDa. Finally, we examine the effect
of adding FDA-approved excipient poloxamer 188 (P188), com-
monly used to impede protein aggregation under shear flows or
at rest,44–46 on the extensional flow properties of OVA solutions.

2 Materials and Methods

2.1 Materials

OVA was obtained from Sigma Aldrich (globular, 42 kDa peptide
portion only, 44.3 kDa total, lyophilized powder, >98%) and used
as received. Kolliphor P188 (Mn = 8.4 kDa, also known by F68), a
commonly used poloxamer excipient,1,21,47–49 was obtained from
Sigma Aldrich and used as received. Polyethylene oxide (PEO,
MW = 1,000 kDa) used for device validation was obtained from
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Beantown Chemical and used as received.
Optically clear OVA solutions were prepared by dissolving OVA

into DI water and kept at pH 7 based on prior protocols.50 OVA
solutions were placed on a refrigerated orbital shaker for sev-
eral hours to ensure full dissolution. Protein samples were typi-
cally measured within 24 hours of preparation, and at maximum,
within one week of preparation to avoid bacterial contamina-
tion and to eliminate well-documented protein degradation path-
ways related to excipient impurities.51 Aqueous P188 solutions
were placed on a refrigerated orbital shaker for a minimum of
eight hours before use; all solutions were optically clear. Com-
bined OVA and P188 solutions were created by dissolving OVA
into pre-made P188 solutions in mass ratios of 2:1, 1:1, and 1:2
OVA:P188, keeping similar ratios as previous works.47,52–54 PEO
solutions were prepared by shaking on a room temperature or-
bital shaker for 2-5 days until all white powder was dissolved.

2.2 Sample characterization

Sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-
PAGE) was performed to verify protein identity and purity by
following Laemmeli’s method,55 using a Bio-Rad mini-Protean
Tetra and Blotting module and a Thermo Scientific PageRuler Plus
Prestained Protein Ladder. The running buffer, gel fixing buffer,
and destain solution were 10x Tris/Glycine/SDS, 50% ethanol/
10% acetic acid in water, and 50% methanol/10% acetic acid in
water, respectively. Gels were stained using 0.1% wt Coomassie
blue G-250 (Sigma-Aldrich) with 20% methanol and 10% acetic
acid in water, and were visualized using a Bio-Rad ChemiDoc
Touch imaging system. Bio-Rad ImageLab version 6.1 software
was used for quantification of the bands. See SI.2 for gel images
and analysis.

Dynamic light scattering (DLS) experiments were performed
with a Wyatt Dynopro plate reader equipped with a 830 nm laser
at 25 ◦C. Measurements were performed in triplicate, with at least
5 individual runs of 10 s acquisition time averaged together per
trial. Data was analyzed using Wyatt DYNAMICS software V7.10.
DLS was performed on dilute OVA solutions (1 mg/mL) to con-
firm the expected hydrodynamic radius, Rh.56,57 Measurements
were also performed at several concentrations of P188 to confirm
the presence of unimers or micelles (see SI.5).

2.3 Low volume dripping-onto-substrate (DoS) device

The dripping-onto-substrate device was constructed in-house fol-
lowing previous work by Dinic and co-workers,32 and modified to
conserve volume (Fig. 1). Major device components include light-
ing, camera, and dispensing system. Briefly, a 2600 lumen cool
white bulb behind a diffuser screen illuminates the droplet. A
Chronos 1.4 high-speed camera (38,000 fps max) records videos,
typically between 2,000 to 12,000 frames per second (fps) to bal-
ance temporal and spatial resolution. Raw images are converted
to binary with ImageJ58 and then to a matrix of normalized radii
in time and space, which is fit to the appropriate model equation
based on Oh and visual evidence from filament thinning shapes
(see Results and Discussion for more details). To minimize vol-
ume compared other designs,32 a syringe pump with low flowrate

dispensing capabilities (≥0.1 µL/h) was mounted directly to the
wall to eliminate excess tubing. An 18 gauge nozzle (ID=0.84 ±
0.01 mm, OD=1.27± 0.01 mm) and a 250 µL syringe are used to
create the droplet. A clean glass slide is used as a partially wetting
substrate (θ <90◦) to separate the thinning process from droplet
spreading dynamics.32 The contact angle for all trials was <80◦;
results were independent of contact angle in this range (see SI.4).
The slide sits on an adjustable stage (Toauto, XYZ manual linear
stage), which rests on anti-vibration pads. The standard config-
uration has an aspect ratio, h/2R0, between two and three, with
2R0 = 1.27 mm.

Fig. 1 Schematic of the direct-mount dripping-onto-substrate device. A
high-speed camera records thinning of the liquid bridge with radius Rmin,
backlit using a diffused bright light. The liquid bridge is formed from a
single drop, produced by a syringe pump directly mounted to the wall.

One consequence of the direct-mount approach is that pump
vibrations which are typically minimized by addition of tubing be-
tween the syringe pump and droplet outlet32,35 now cause small
vibrations in the droplet, particularly as the droplet grows; these
vibrations could highly impact measurements of low viscosity or
low elasticity fluids. Thus to minimize this pre-deformation, the
pump is stopped prior to the drop contacting the substrate. The
stage, which can be moved in 10 µm increments, is slowly moved
up to contact the droplet. This procedure is different than that
used in prior work,32,35 which used a low flow rate from a syringe
pump to make contact with the substrate. However, our ‘station-
ary drop’ method enabled a straight liquid bridge to be formed
via the direct-mount approach without accompanying vibrations.
Note that added tubing requires milliliter or larger sample vol-
umes that are impractical for measuring proteins.

2.4 Surface tension measurements
Stopping the pump prior to the drop contacting the substrate also
enables a stable pendant drop to form prior to thinning, in which
drop shape analysis can be used to extract the surface tension,
σ . Pendant drop profiles are analyzed via automated algorithms
based on the Laplace equation using an ImageJ pendant drop
plug-in59; this process was first validated with water of known
surface tension. The surface tension value for water extracted us-
ing this method was 74.1 ± 1.9 mN/m at 95% confidence (Table
1), compared to a literature value of 72.7 mN/m at 20 ◦C.60

2.5 Validating direct mount DoS with model PEO solutions
Aqueous polyethylene oxide (PEO) solutions were used for device
validation, as PEO exhibits three major regimes of extensional
thinning behavior: inertio-capillary (IC), visco-capillary (VC),
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and elasto-capillary (EC) thinning.32 These well-defined regimes
are documented with both DoS and CaBER,32,61,62 making PEO
an ideal validation material. Representative data on 0.5% wt PEO
from our device and Dinic et al.63 is shown in Fig. 2.

Fig. 2 a) Images of filament thinning at three timepoints in 0.5% wt
aqueous PEO, and b) extracted radial decay curve (�). b) The dashed
line marks a transition between IC and EC regimes, the latter of which
is fit with Eq. 2 to obtain a relaxation time, λE . Radial thinning profiles
and λE compare favorably with Dinic et al. (digitized 4).63

As seen from the high-speed images (Fig. 2a), PEO forms an ax-
isymmetric cylindrical liquid bridge. After an initial IC region,63

a pronounced transition to elastocapillary thinning occurs where
the filament radius decreases exponentially in time (Fig. 2b). The
EC region thus appears as a linear region in the radial decay data
on a semilog scale in Fig. 2b. For polymer solutions that can be
described reasonably well by a single relaxation time, the data in
the EC region can be fit to extract the extensional relaxation time,
λE , by the following approximation:64,65

Rmin(t)
R0

≈
(

GR0

2σ

)1/3
exp(−t/3λE) (2)

where Rmin is the minimum radius and G is the elastic modulus.
Fits to Eq. 2 yield extensional relaxation times, λE , for our in-

strument of 4.02 ± 0.18 ms; note that
(

GR0
2σ

)1/3
is treated as a

fitting constant, as is typically done.32,66 These λE values com-
pare favorably to Dinic63 (λE=4.66 ± 0.23 ms) despite differ-
ences in polymer batch and supplier. Additionally, no evidence of
vibrations or surface instabilities are seen in DoS videos or in the
1D radial decay curves for PEO or other dilute solutions, confirm-
ing the validity of the direct mount, stationary drop approach.
See Supporting Information for representative videos for samples
used in this work, SI.3 for additional PEO validation data, and
SI.9 for 1D data for all water, protein, and excipient trials.

3 Results and discussion

3.1 Capillary thinning of OVA with increasing concentration

The role of protein concentration on the capillary thinning of
ovalbumin solutions was explored at three OVA loadings: 100,
200, and 300 mg/mL (denoted OVA100, OVA200, and OVA300,
respectively). Water was also measured as a control with known
inertiocapillary (IC) behavior. To aid in interpreting the flow be-
havior of each sample, surface tension measurements were taken
prior to thinning, since surface forces are critical in driving cap-
illary thinning and determining Oh. With initial OVA addition,
σ greatly decreases, where σ = 74.1±1.9 mN/m for water versus
σ = 47.5±1.3 mN/m for OVA100 (Table 1). This large initial drop
in σ is due to the presence of OVA at the air-water interface. Sub-
sequent OVA addition further decreases σ but to a lower degree,
likely due to interface saturation, where σ = 42.1±1.2 mN/m and
41.7 ± 1.1 mN/m for OVA200 and OVA300, respectively.

Capillary thinning measurements show that the break up time,
tb, increases with concentration and decreasing surface tension,
where tb = 3.3 ± 0.1 ms, 4.4 ± 0.3 ms, 6.1 ± 0.4 ms, and 10.1
± 0.9 ms for water, OVA100, OVA200 and OVA300, respectively
(Table 1, Fig. 3b). In Table 1, reported parameter uncertain-
ties are the 95% confidence interval around the parameter based
on multiple trials (N ≥ 5); for raw data on all trials and repro-
ducibility, see SI.9. As seen in the 2D images during thinning
shown in Fig. 3a, the liquid bridge in the water control exhibits a
conical shape, as is characteristic for inviscid pinchoff.67–69 With
increasing OVA concentration, the shape of the liquid bridge at
equivalent non-dimensional radii (R/R0) transitions from conical
to more cylindrical. The liquid bridge in OVA100 is most similar
in shape to the water control in the final frame prior to breakup;
however, the 2D images during thinning show that OVA thinning

Table 1 DoS samples with measured surface tension σ , calculated and fit constant C and Rayleigh time tR, 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.9 for all raw
data). Uncertainties for Ccalc, tR,calc, and for tR, f it values marked by † are of order 0.01. ** values indicate samples exhibiting weakly elastic behavior
(strong deviations from IC). Only n is fit for water due to limited points in the fitting regime.

sample σ [mN/m] Ccalc C f it tR,calc[ms] tR, f it[ms] tb [ms] n0 n
water 74.1 ± 1.9 39.7 40.1± 2.8 1.9 1.8 ± 0.1 3.3 ± 0.1 N/A 0.64± 0.02
OVA100 47.5 ± 1.3 34.2 34.3 ± 4.6 2.3 2.3 ± 0.1 4.4 ± 0.3 0.64 ± 0.02 0.64 ± 0.02
OVA200 42.1 ± 1.2 32.9 31.2 ± 2.0 2.5 2.7† 6.1 ± 0.4 0.62 ± 0.01 0.64 ± 0.02
OVA300 41.7 ± 1.1 32.8 27.9 ± 2.4 2.5 3.2 ± 0.1 10.1 ± 0.9 0.50 ± 0.01 0.63 ± 0.03
P188-50 43.2 ± 0.7 33.1 30.1 ± 3.2 2.4 2.8 ± 0.1 4.6 ± 0.1 0.62± 0.01 0.63± 0.02
P188-100 41.4 ± 0.4 32.7 29.2 ± 2.0 2.5 2.9 ± 0.1 5.8 ± 0.5 0.62 ± 0.01 0.65 ± 0.02
P188-200 41.8 ± 1.0 32.8 37.2 ± 1.4** 2.5 2.0†** 9.6 ± 0.5 0.61 ± 0.04 0.77 ± 0.02**
OVA100/P188-50 42.8 ± 1.5 33.1 34.1 ± 2.7 2.4 2.3 ± 0.1 4.9 ± 0.3 0.64 ± 0.02 0.66 ± 0.02
OVA100/P188-100 42.1 ± 0.8 32.9 26.3 ± 3.1 2.5 3.4 ± 0.1 7.3 ± 0.3 0.58 ± 0.02 0.65 ±0.02
OVA100/P188-200 37.7 ± 2.0 31.7 120.3 ± 9.3** 2.6 0.4 ± 0.1** 14.9 ± 1.3 0.56 ± 0.03 0.99 ± 0.03**
OVA200/P188-100 38.8 ± 1.0 32.0 53.0 ± 11.6** 2.6 1.2 ± 0.2** 15.6 ± 0.6 0.46 ± 0.01 0.80 ± 0.03**
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Fig. 3 a) Images during capillary thinning for water and OVA at 100, 200 and 300 mg/mL at R/R0 = 0.55, 0.27, 0.15 and the endpoint, and b)
corresponding radial decay in time. c) Log-log plot of R/R0 vs. tb− t (time decreases from L to R). Power law (PL) fits for n and n0 are the black and
gray lines, respectively.

profiles are much less conical than water (Fig. 3a). By OVA300,
the filament that evolves in time is substantially more cylindrical
and axisymmetric about the midpoint than in OVA100. The ver-
tical asymmetry near pinch-off for water and OVA100 (Fig. 3a),
however, demonstrates the need for 2D imaging, as instruments
like CaBER assume axial symmetry when determining the mini-
mum radius of the liquid bridge.

The radial decay profiles of water and dilute OVA are expected
to follow the characteristic t2/3 scaling for inertiocapillary thin-
ning dominated by inertial and surface tension forces67–69:

Rmin(t)
R0

= α

(
tb− t

tR

)2/3
(3)

with breakup time, tb and Rayleigh time, tR. The Rayleigh time is
the characteristic timescale for IC thinning phenomena in a fluid
of surface tension σ and density ρ, given by tR = (ρR3

0/σ)1/2.
The value of the constant α has been reported experimentally be-
tween 0.4 and 1.24,32,42,70 Recent volume-of-fluid method simu-
lations found this prefactor to be between 0.4 and 0.6, depending
on experimental parameters such as viscosity and nozzle size.71

To determine how well Eq. 3 described OVA behavior near the
end of thinning, OVA data was fit using tn instead of t2/3 (black
lines in Fig. 3c). In Fig. 3c, data is shown on log-log scale, such
that linear regions described by a power law exponent can be
more easily identified. Here, we use a constant α = 0.6, which
was found to provide the best fit across experimental data (see
SI.6). By rearranging Eq. 3 to group tR as part of the constant

prefactor, we also define a new prefactor as C = 0.6
(

σ

ρR3
0

)1/3
. This

constant C was determined both by fitting (allowing n to vary),
C f it , and calculation with known parameters (n = 2/3), Ccalc. For
all samples, values of n, C, and tR are reported in Table 1 and
extension rates are calculated in SI.11.

Fits of n yielded an approximate scaling of t2/3 for all OVA sam-
ples (Table 1), indicating that OVA exhibits IC behavior near the
end of thinning. For both water and OVA100, the calculated and
fit values for C and tR in Table 1 are in excellent agreement, sug-
gesting that IC thinning sufficiently describes the flow behavior

(Eq. 3). As all other parameters influencing tR are nearly identical
between water and OVA100, the weaker surface tension forces in
OVA100 vs. water fully account for the slower thinning process,
increasing the timescale for breakup by roughly one-third.

Prior to the inertiocapillary thinning regime (longer tb−t in Fig.
3c), a region with a distinct slope appears in the OVA200 solution
which becomes more pronounced in OVA300. Thus in addition to
fitting the exponent corresponding to the end of thinning where
the IC region is typically observed (n), a power law (PL) model
was also fit to this second region near the start of thinning (n0) to
quantify how the initial behavior changes with OVA concentration
(Table 1). Note that this marked change in slope is not observed
in OVA100 or water which can be described entirely by IC be-
havior; unsurprisingly n0 = n for OVA100. The initial index n0

decreases significantly with concentration, from n0 = 0.64± 0.02
for OVA100 (IC behavior) to n0 = 0.50± 0.01 for OVA300. This
change in initial thinning behavior and increase in tb at higher
OVA content cannot be fully explained by surface tension, as σ

is constant between OVA200 and OVA300. Additionally, the cal-
culated and fit values for C and tR deviate with increasing OVA
(Table 1). These differences in parameter values, paired with the
statistically significant difference in n and n0 and deviation from
t2/3 at early times in OVA300 suggest that IC thinning (Eq. 3) is
insufficient to fully describe thinning in concentrated OVA.

While the exact physical meaning of the n0 parameter is un-
known, Dinic, Jimenez and Sharma observed an index of n = 0.5
and similar liquid bridge shapes as OVA in particle-laden print-
ing inks,35 noting that interplay between complex flow phenom-
ena may lead to a difference in n determined by DoS and shear
rheology. These inks have similar flow properties to many pro-
tein solutions in that they have low viscosities, nearly-Newtonian
shear behavior, and surface tensions comparable to those in Ta-
ble 1.35 Further, Brust and co-workers found significant elastic-
ity and non-Newtonian behavior in blood plasma during capillary
thinning extensional flow, whereas Newtonian behavior was ob-
served under shear.22 As high concentration solutions of globular
OVA may have microstructures resembling these suspensions, the
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decreasing n0 with increasing OVA content may reflect the un-
derlying microstructure or non-Newtonian behavior. Importantly,
gravitational effects are not expected to be significant in the n0

fitting range (SI.1). Analysis of this initial thinning region may
thus provide further insight into the processes driving thinning
and breakup of concentrated proteins that cannot be described
purely by IC behavior.

Additionally, the clear IC thinning behavior at the end of thin-
ning for all OVA solutions suggests that while OVA does lower the
surface tension, the concentration-dependent differences in rhe-
ology are unlikely to be driven primarily by a protein film or sur-
face layer. In the event of film formation, signs of weakly elastic
or EC thinning behavior would be expected near the end of thin-
ning, as opposed to clear and reproducible IC behavior. Note that
OVA adsorbs to the interface slowly, such that large decreases in
σ associated with adsorption occur on timescales longer (> 102

s)20 than that required to produce the droplet and perform the
capillary thinning measurement. This finding is also in agree-
ment with prior work on a slightly larger protein from the same
family, BSA, where the authors excluded surface film formation
as a substantial contributor to the measured rheology.22 Further,
if the observed changes in n0 with increasing concentration were
driven by an interfacial layer rather than bulk behavior, a nearly
concentration-independent n0 would be expected, as was demon-
strated in interfacially-dominated shear measurements on BSA
solutions over a wide concentration range (10–250 mg/mL).31

Instead, we suspect that the observed concentration-dependent
initial thinning index reflects the concentration-dependent rheo-
logical behavior expected for colloidal suspensions.

Despite the high protein concentration in OVA300, ultimately
OVA breaks apart rapidly on a timescale that is within three-fold
that of the water breakup time. The maximum extension rates
experienced by OVA solutions are of order 104 s−1, corresponding
well to extension rates during clinical injections (see SI.11).5 This
finding is seemingly promising for developing injectable protein
medications, as the protein is unlikely to experience high exten-
sion rates that could cause denaturing for long durations. While
shear rheological properties often cannot predict extensional flow
behavior (and vice versa), that the OVA breakup timescale is sim-
ilar to that of water suggests the absence of significant antagonis-
tic protein-protein interactions that could increase viscosity dur-
ing flow, which would hinder injectability given the formulation
guidelines of ≤50 cP (50x viscosity of water) for subcutaneous
injections.9

3.2 Breakup behavior of excipient poloxamer 188 (P188)

Solutions containing the excipient P188 exhibit more pronounced
break up behaviors than seen in OVA solutions for equivalent
weight fractions (Fig. 4a). The most dilute concentration of P188
(50 mg/mL, denoted P188-50) thins on a time scale comparable
to OVA100, which contains twice the concentration of material
(100 mg/mL, Fig. 4b). The 2D images of these two solutions
during thinning also share nearly identical features (Fig. 4a),
suggesting that they exhibit similar thinning regimes.

While P188-100 shares similar 2D thinning profiles to the

P188-50 solution, increasing the concentration to 200 mg/mL
P188 (P188-200) results in substantially more cylindrical fila-
ments and a breakup time of nearly 10 ms (Fig. 4a). The slen-
derness of the filament near breakup increases with P188 con-
centration, which may be indicative of the onset of weakly elastic
thinning behavior as opposed to purely IC behavior.65,72 How-
ever, while P188 filaments are more slender the conical water fil-
ament, the thinning does not exhibit pronounced elastocapillary
behavior nor a long lasting filament like in PEO solutions (Fig. 2).

Despite containing half the amount of material as in OVA100,
the surface tension of P188-50 is lower (43.2 ± 0.7 mN/m vs.
47.5 ± 1.3 mN/m for OVA100). P188 may reduce the surface
tension more efficiently than OVA due to its flexible conformation:
despite that OVA is over five-fold greater in molecular weight than
P188, its hydrodynamic radius Rh is only slightly larger due to its
rigid conformation (2.9 nm vs. 2.7 nm for P188, see SI.5). Thus
if both species had an equal affinity for the air-water interface,
P188 would still be able to cover more of the interface than OVA,
even at half the concentration. The surface of the droplet appears
nearly saturated by P188-50, as the surface tension only slightly
decreases to 41.4 ± 0.4 mN/m when the P188 content is doubled
(P188-100); no further decrease in surface tension is observed
with increasing P188 content above P188-100.

As done for OVA solutions, the end thinning behavior of P188
solutions was fit with a power law model to determine the dom-
inant flow regimes. Lower P188 content solutions (P188-50,
P188-100) exhibit inertiocapillary thinning, where values of n and
n0 are not statistically different, and are near the expected value
of 2/3 for IC thinning (Table 1). The longer breakup time in P188-
100 (5.8 ± 0.5 ms) vs. P188-50 (4.6 ± 0.1 ms) can be explained
by the lower surface tension in P188-100. By P188 concentra-
tions of 200 mg/mL, however, two regions of distinct slope are
observed in the log-log representation of the data (Fig. 4c). Simi-
lar to the trends observed in concentrated OVA, larger deviations
in the fit and calculated C and tR are observed in P188-200. Addi-
tionally, the breakup time dramatically increases (9.6 ± 0.5 ms),
and an increase in thinning index to n = 0.77± 0.02 is observed
near breakup. This change in breakup behavior in P188-200 can-
not be accounted for by surface tension, as P188-100 and P188-
200 have equal σ . Additionally, the PL fit for n poorly describes
the last several data points, which exhibit notable curvature in
the log-log representation of the data (Figs. 4c, S11).

Decay scalings greater than t2/3 can indicate the presence of
more viscous forces,72,73 as radial thinning for a viscocapillary
(VC) fluid instead scales with t. However here, Ohnesorge num-
bers are far below unity (Oh� 1, Eq. 1), such that VC thinning is
not expected (see SI.1). As shown by Dinic et al.,72 while filament
thinning data can be fit with a power law scaling, the filament
shape profile and fit of the model just before break-up should be
considered when determining the proper fitting regime in order
to meaningfully interpret the data. In P188-200, the slender fil-
ament profile observed near break-up combined with the poorer
PL fit near the end of thinning indicates that PL and VC thinning
may not adequately describe the fluid behavior (SI.7). However,
the slender filament shape is characteristic of the onset of weakly
elastic response,65,72 which is unsurprising given the viscoelastic
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Fig. 4 a) Images during capillary thinning for 50, 100, and 200 mg/mL P188 at R/R0 = 0.56, 0.27, 0.12, and the endpoint, and b) corresponding
radial decay in time. c) Log-log plot of R/R0 vs. tb− t. Power law (PL) fits for n and n0 are the black and gray lines, respectively. Anna-McKinley fit
is shown in the black dashed line.

nature of poloxamer solutions.74,75 Weakly elastic thinning be-
havior can be fit using the semi-empirical Anna-McKinley model,
previously demonstrated to fit short duration viscoelastic behav-
ior.65,72 The Anna-McKinley model is given by:65

Rmin(t)
R0

= Aexp(−Bt)−Ct +D (4)

where an extensional relaxation time λE can be obtained from
the coefficient B, given by B ≈ 1/3λE. The coefficient C can
be used to extract the terminal extensional viscosity, η∞

E , where
C≈ σ/2η∞

E R0. Finally, the ratio of C to D gives the elastic filament
lifetime, tE = D/C. For P188-200 in Fig. 4b and c, tE marks the
transition in the last few milliseconds of thinning where the slope
abruptly changes as weakly elastic forces dominate. The Anna
McKinley model describes the behavior near break-up for P188-
200 better than fits with a PL model (Figs. 4c, S11). From Eq. 4
and associated coefficients, an extensional relaxation time corre-
sponding to the longest relaxation time of P188-200 of λE = 0.84
± 0.03 ms and elastic filament life time of tE = 2.0 ± 0.3 ms are
obtained, indicating short-duration viscoelastic effects (Table 2).

3.3 Impact of added P188 on OVA extensional flow behavior

To determine the role of added excipients on OVA thinning, in-
creasing quantities of P188 were added to a fixed OVA concen-
tration, of 100 mg/mL (Fig. 5). Interestingly, adding 50 mg/mL
of P188 to OVA100 (denoted OVA100/P188-50) yields a breakup
time of tb =4.8 ± 0.3 ms, which is remarkably similar to that of
the individual constituents, OVA100 (4.4 ± 0.3 ms) and P188-50
(4.6 ± 0.1 ms; see Table 1). Like the individual component so-
lutions, the OVA100/P188-50 solution exhibits IC thinning, with

an n = 0.66 ± 0.02. However, this similar breakup behavior can
be attributed to surface tension: OVA100/P188-50 and P188-50
have surface tensions that are identical within statistical certainty
(42.8 ± 1.5 mN/m vs. 43.2 ± 0.7 mN/m, respectively), lead-
ing to breakup times that are identical within statistical certainty.
However, the similar breakup time of the combined solution de-
spite the increasing solids volume suggests that P188 and OVA
behave synergistically in some manner, as no additional reduc-
tion in surface tension is observed despite that surface tension
decreases with increasing concentration in P188-only and OVA-
only solutions (Table 1). The similar behavior between P188-50
and OVA100/P188-50 may suggest that P188 primarily occupies
the interface and reduces the surface tension, in line with prior
studies showing P188 decreases protein adsorption to interfaces,
even when its affinity for the interface is low.48,49,76,77

The 2D images of the two protein/excipient solutions with
lower P188 contents (50, 100 mg/mL) share features similar to
those of their individual components (Fig. 5a). The power law
fits of these combined solutions immediately prior to breakup
show an exponent of roughly n = 2/3, characteristic of IC thin-
ning (Fig. 5c). However, any synergistic behavior appears to
vanish with increasing P188 content, as OVA100/P188-100 has a
longer break-up time than either OVA or P188 alone when com-
pared at equivalent σ (tb=7.3 ± 0.3 ms). For example, OVA200
and OVA100/P188-100 both have surface tensions of 42.1 mN/m,
but the breakup time in the combined OVA/P188 solution is 20%
longer. Additionally, while calculated and fit C and tR agreed
well for OVA100/P188-50, substantial deviations are observed in
OVA100/P188-100. Here, the calculated C-value is substantially
higher while the calculated tR is lower, similar to the trend ob-
served with increasing OVA content when a second power law

Table 2 The weakly elastic samples were fit with the Anna-McKinley model to obtain the extensional relaxation time λE , terminal extensional viscosity
η∞

E , and elastic time. Reported uncertainty is the 95% confidence interval of the parameter value based on fits to all trials.

sample λE [ms] η∞
E [Pa · s] tE [ms]

P188-200 0.84 ± 0.03 0.37 ± 0.02 2.0 ± 0.3
OVA100/P188-200 1.1 ± 0.1 0.56 ± 0.06 3.6 ±0.1
OVA200/P188-100 1.2 ± 0.1 0.38 ± 0.03 2.6 ± 0.2
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Fig. 5 a) Images during capillary thinning for 100 mg/mL OVA with P188 added at 50, 100, and 200 mg/mL for R/R0 = 0.55, 0.27, 0.15 and the
endpoint, and b) corresponding radial decay in time. c) Log-log plot of R/R0 vs. tb− t. Power law (PL) fits for n and n0 are the black and gray lines,
respectively. Anna-McKinley fit is shown in the black dashed line.

region appeared in the log-log representation of the data (Ta-
ble 1, Fig. 3c). Unsurprisingly, a lower thinning index is ob-
served initially vs. near the end of thinning (n0 = 0.58± 0.02 vs.
n = 0.65± 0.02), suggesting that IC thinning does not fully de-
scribe the phenomena in OVA100/P188-100.

Potential antagonistic effects appear to amplify at the high-
est P188 concentration, OVA100/P188-200. This solution has
a break-up time (14.9 ± 1.3 ms) that is statistically equal to
the sum of its individual components (14.0 ± 0.6 ms), unlike
in OVA100/P188-50 where the breakup time was similar to that
of a single component. While this solution has the lowest surface
tension of all samples (37.7 ± 2.0 mN/m), the shape of the radial
decay data (Fig. 5c), the drastic differences in calculated and fit
values for C and tR (Table 1), and deviations from PL fits (Fig.
S12) clearly suggest flow behaviors beyond IC and PL thinning.
Additionally, the 2D images of the radial decay display features
not present in either of the individual components. In particular,
this concentrated OVA/P188 solution shows thinning profiles far
more slender and axisymmetric prior to breakup than any other
P188 or OVA solution examined (Fig. 5a), reminiscent of the
weakly elastic thinning behavior observed in P188-200. Using the
Anna-McKinley model (Eq. 4), the extensional relaxation time for
OVA100/P188-200 is λE = 1.1 ± 0.1 ms. Here, λE is 30% longer
and tE is 80% longer than in P188-200, which is unsurprising
given the substantially more pronounced elastic-like features in
the 2D images (Fig. 5a).

3.4 Role of total concentration on observed flow behavior

The longer extensional relaxation time in OVA100/P188-200 vs.
P188-200 alone is perhaps unsurprising given the higher total
concentration in solution (300 mg/mL) when OVA is added.
However, no notable elasticity was observed at 300 mg/mL OVA,
suggesting a minimum P188 and total concentration may be re-
quired to observe weakly elastic behavior. An additional concen-
trated solution containing 200 mg/mL OVA and 100 mg/mL P188
(OVA200/P188-100) was thus examined to confirm this hypothe-
sis. This formulation was chosen to keep a constant total concen-
tration (300 mg/mL) while examining a P188 concentration (100

mg/mL) at which other solutions did not exhibit weak elasticity
(P188-100, OVA100/P188-100). While no statistically significant
difference in surface tension is observed between the formula-
tions containing P188, OVA300 does exhibit a slightly higher σ ,
which is unsurprising based on the prior DoS results showing that
P188 more efficiently reduces σ than OVA (Table 1).

Despite containing a lower P188 content, the 2D images and ra-
dial decay profiles for OVA200/P188-100 suggest similar thinning
and elastic-like behavior to OVA100/P188-200 (Fig. 6). As shown
in Fig. 6b and reported in Table 1, representative trials for both
protein/excipient solutions exhibit similar breakup times; param-
eters extracted from the Anna-McKinley model are compared in
Table 2. However, notable differences are present between the
two protein/excipient solutions, where images in Fig. 6a suggest
that the cylindrical filament forms earlier and is more slender
in the formulation containing more P188 (OVA100/P188-200).
That the filament appears more pronounced in the presence of
more P188 is supported by differences in the shape of the radial
decay near breakup (Fig. S14a) and values of the elastic fila-
ment lifetime tE extracted from the Anna-McKinley fit: tE is∼40%
longer in OVA100/P188-200. Additionally, the terminal exten-
sional viscosity η∞

E is roughly 50% larger in the solution contain-
ing more P188 (OVA100/P188-200); see SI.8 for a more detailed
comparison of Anna-McKinley model fits and fitting ranges for all
samples displaying weakly elastic behavior. Despite the shorter
filament lifetime, the extensional relaxation times are identical
within statistical certainty for the 300 mg/mL protein/excipient
formulations, and are longer than in P188-200 (Table 2); this
finding suggests that while P188 is required to observe weakly
elastic thinning, the high total solution concentration also con-
tributes to the observed elasticity.

Interestingly, the formulation containing less excipient
(OVA200/P188-100) exhibits a substantially lower initial thin-
ning index, where n0 = 0.46 ± 0.01 vs. n0 = 0.56 ± 0.03 for
OVA100/P188-200. This feature is noticeable when the data is
observed on a log-log scaling (Fig. 6c), where the linear re-
gions of the data corresponding to the beginning of thinning (long
t − tb) clearly intersect one another due to this difference in n0.
This reduction in n0 likely results from the increased OVA con-
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Fig. 6 a) Images of capillary thinning in concentrated formulations: 300 mg/mL OVA, OVA200/P188-100 and OVA100/P188-200, at R/R0 = 0.15,
0.08, 0.03 and the endpoint, and b) corresponding radial decay in time. c) Log-log plot of R/R0 vs. tb− t. Fits used to extract n and n0 are shown in
black and gray, respectively. The Anna-McKinley fits are shown with dashed black lines.

tent, as OVA-only solutions saw n0 continually decrease with in-
creasing concentration whereas the n0 in P188 solutions appeared
independent of concentration (Table 1). Thus despite that the
elastic filament time is shorter for OVA200/P188-100, tb appears
to be equal between samples or slightly larger for this sample
(15.6 ± 0.6 ms for OVA200/P188-100 vs. 14.9 ± 1.3 ms for
OVA100/P188-200) because the initial thinning process proceeds
more slowly.

3.5 Rationalizing observed flow behavior

A clear, weakly elastic thinning regime emerges in both high
concentration protein/excipient solutions, a consequence of both
the high solution concentration and the extensibility of the P188
chain. We suspect that both criteria must be met to observe
this behavior, as the equally concentrated 300 mg/mL OVA does
not exhibit signatures of elasticity during breakup, whereas so-
lutions containing P188-200 also exhibit weakly elastic behavior,
albeit less pronounced. Similar to observations by Brust and co-
workers,22 we do not expect an OVA surface layer to be driv-
ing the observed elasticity in formulations of 300 mg/mL pro-
tein/excipient, both because P188 addition is thought to reduce
OVA coverage48,49,76,77 and associated elasticity31,78 at the in-
terface, and because no elastic effects are observed during thin-
ning in OVA300. In addition to altering protein conformation,
crowded solution environments can alter excluded volume and
dipole-dipole interactions21; these effects could help explain the
emergence of a second PL region in concentrated OVA. However,
as concentrated OVA does not exhibit weakly elastic thinning be-
havior, we conclude that the observed elasticity is driven by P188.

Chain extensibility effects in P188 are expected to be more pro-
nounced prior to micellization, as the hydrodynamic volume per
unimer decreases with micellization and subsequently decreases
related quantities like shear viscosity.79 All solutions containing
P188 likely had a high fraction of P188 unimers, even at high
P188 concentrations like in the combined OVA100/P188-200 so-
lution. The critical micelle temperature (CMT) of P188 is sub-
stantially higher than for most other poloxamers, reported as 27
◦C at 150 mg/mL74; this high CMT is a result of the high frac-

tion of hydrophilic PEO in P188 (80% wt). As our measurements
at room temperature (23 ± 0.5 ◦C) are below the CMT for 150
mg/mL P188, the solutions between 10 and 100 mg/mL P188
likely contain solely unimers. This finding is supported by DLS
measurements of P188 in water (SI.5). At and below 100 mg/mL
P188, the hydrodynamic radius, Rh, is ∼2.5 nm, which correlates
well with the reported P188 unimer size.80 Here, DLS data is
described well by a single population; no evidence of micelle for-
mation (∼7 nm80) is observed.

Across all DoS formulations, the presence of P188 unimers en-
hances the elasticity and breakup time of the solutions. For P188
and OVA solutions of the same concentration, P188 solutions have
breakup times that are 30-50% longer in duration. The P188-200
and OVA100/P188-200 solutions likely contain a mix of micelles
and unimers, as extrapolating previous data74 to higher P188
concentrations suggests that the onset of micellization may oc-
cur by 24 ◦C for solutions containing 200 mg/mL P188; however,
poloxamers are known to exhibit micellization transitions over
temperatures range of 10 ◦C or more74,75,81 due to their high
polydispersity.

The onset of weakly elastic behavior can be detected by an-
alyzing the 2D images during thinning and by examining de-
viations in the power law model fits to the 1D radial decay
profiles (SI.7). In P188 solutions, a dramatic change in liquid
bridge shape from conical (P188-100) to cylindrical (P188-200)
occurs (Fig. 4), which is expected when new thinning regimes
are accessed35,72; thus the onset of weakly viscoelastic behav-
ior likely occurs between P188-100 and P188-200. These shape
changes also identify radial decay regimes in which the power
law model is inappropriate, justifying fitting concentrated P188
data with the Anna-McKinley model as recently detailed by Dinic
and Sharma.65,72 Additionally, we find that comparing the fit and
calculated values of C and tR is useful in differentiating between
weakly elastic and PL behavior (Table 1). When a second PL
region emerges in the data like in concentrated OVA, Ccalc ex-
ceeds C f it whereas tR,calc falls below tR, f it ; however, n remains
near n ≈ 2/3. However for formulations exhibiting weakly elas-
tic behavior (P188-200, OVA100/P188-200 and OVA200/P188-
100), n substantially increases and trends with respect to C and
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tR reverse: Ccalc falls below C f it whereas tR,calc exceeds tR, f it .
Excipient assembly and associations with proteins depend on

excipient type and concentration. As seen in the 300 mg/mL
OVA/P188 solutions, adding P188 to concentrated formulations
results in enhanced stretching, which is not substantially reduced
even when OVA is the majority component; additional studies
are needed to determine the maximum P188 loadings and/or to-
tal concentrations that can be used without promoting weakly
elastic behavior. Despite promoting this undesirable flow behav-
ior in concentrated formulations, P188 behaves synergistically
with OVA at the lowest P188 content, indicating that P188 may
stabilize OVA solutions under both shear and extensional flows
for more dilute formulations. These findings are supported by
recent work of Rodrigues et al.,21 who showed that excipients
that performed best in lowering viscosity and improving formu-
lation concentratability in low to moderately concentrated pro-
teins performed the worst with respect to these metrics at ultra-
high concentrations (>150 mg/mL). The authors concluded that
protein-excipient interactions are not only protein-specific, but
also protein-concentration specific, in agreement with our con-
clusions.

Though several mechanisms of interaction between OVA and
P188 have been proposed,49,76,82 a number of studies show
that P188 prevents OVA from adsorbing to the droplet inter-
face.48,49,76,77 The protein and unimer hydrodynamic radii are
similar in size, and the absence of multiple populations in the DLS
data suggests the absence of large protein-poloxamer complexes.
However, the emergence of weakly elastic behavior with increas-
ing P188 content and disappearance of the protective effect at
high P188 content suggests that any synergistic behaviors, like
P188 preventing OVA adsorption at the interface, may saturate at
high P188 content. In this event, free P188 unimers in solution
could lead to enhanced stretching in the most concentrated solu-
tions. Thus if added in sufficiently large quantities or in highly
concentrated solutions, excipients added to prevent protein ag-
gregation at rest and under shear flow may lead to undesirable
enhanced elasticity and stretching in extensional flow, depending
on the specific excipient properties and mode of interaction with
the protein.

4 Conclusions
We developed and validated a direct-mount dripping-onto-
substrate (DoS) device to enable measurement of extensional
flow behavior of dilute through concentrated solutions of macro-
molecules like proteins and polymers in less than 10 µL total per
trial. By developing a ‘stationary drop’ method to perform DoS
measurements, vibrations and instabilities that highly impact di-
lute solution thinning are minimized, and the surface tension can
be extracted as part of the measurement to aid in data analysis.
Despite the low viscosities of protein and excipient solutions, all
solutions studied demonstrated distinct thinning behavior from
water, largely driven by lower surface tension forces for low pro-
tein and excipient concentrations. Break-up times for OVA solu-
tions increase with concentration, though this behavior cannot be
attributed entirely to inertiocapillary thinning at the highest OVA
concentrations. Despite these deviations from IC thinning, con-

centrated OVA solutions still break apart rapidly. These findings
are ultimately promising for developing concentrated injectable
protein medications of similar size to OVA, as pure OVA solutions
exhibit no signatures of elastic-like behavior in extension.

The excipient P188 exhibited longer break up times at equiv-
alent concentrations to OVA, and surface tension comparisons
suggest that these differences can largely be attributed to P188
more effectively reducing σ . However, the 2D thinning profiles of
concentrated P188 exhibited more cylindrical shapes and longer
break up times, corresponding to appearance of weakly elastic be-
havior with increasing P188 content. At the concentrations stud-
ied, all P188 solutions likely have P188 unimers present, thereby
increasing elasticity. At low P188 content, combined OVA/P188
solutions exhibit synergistic behavior, where the breakup times
reflect the reduced surface tension. The measured surface ten-
sion reflects the P188 content, in agreement with prior findings
that P188 prevents OVA migration to the interface; these results
suggest that P188 has a protective effect in extension in addi-
tion to shear at lower P188 content. However in the highest con-
centration protein/excipient solutions, thinning profiles are far
more cylindrical than observed in other formulations, indicating
emergence of weakly elastic flow behavior. These concentrated
300 mg/mL OVA/P188 solutions are well-described by the Anna-
McKinley model for weakly elastic fluids, where the elastic fil-
ament lifetime and terminal extensional viscosity increase with
P188 content. These findings suggest that while P188 is beneficial
for stabilizing OVA solutions when added to dilute formulations,
the presence of P188 in increasingly concentrated solutions can
lead to undesirable elasticity during extensional flows.
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