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ABSTRACT
Protein–protein interactions (PPIs) were characterized as a function of salt concentration and applied hydrostatic pressure for 
hen egg ovalbumin solutions. In situ data were collected using small-angle neutron scattering (SANS) at various concentrations 
of ammonium sulfate. The nondestructive nature of SANS allows for extended pressure holding times and the investigation of 
the reversibility of effects on PPIs. An empirical scaling developed previously is shown to capture the dependence of the reduced 
osmotic second virial coefficient on an effective pressure, combining osmotic and hydrostatic contributions. A comparison to 
small-angle X-ray scattering data for ovalbumin indicates enhanced net attraction at all conditions investigated with longer 
pressure holding times. Pressure effects on PPIs measured by SANS are shown not to be fully reversible in the presence of salt. 
Pressure-triggered aggregation was detected in the hours after depressurization at moderate salt concentrations, with slow recov-
ery of pressure-induced attraction at high salt concentrations. Consistency is demonstrated between predicted solution viscosi-
ties and experimental observations from viscometry and in situ high-pressure diffusing wave spectroscopy. Furthermore, both 
the strength of ovalbumin PPIs and the relative solution viscosity display Barus-like scaling with effective pressure, exhibiting 
distinct pressure-viscosity coefficients from those of water.

1   |   Introduction

Food processing relies on the careful control of composition, 
morphology, and product stability (Allai et al. 2023). Successful 
manipulation of food properties requires tuning multiple intrin-
sic and extrinsic parameters, including target pressure, tempera-
ture, pH, and salt addition. High-pressure (HP) processing is a 
noninvasive treatment that provides an alternative to traditional 
thermal or additive-based steps (Rastogi  2013; Wimalaratne 

and Farid 2008). Although hydrostatic pressure is instantly felt 
across the entire product volume, the direct or indirect effects of 
pressure, such as partial protein unfolding or the dissociation 
of protein oligomers, can trigger relatively slow irreversible pro-
cesses (Charlier et  al.  2018; Moron et  al.  2022). Furthermore, 
protein behavior has a known dependence on pressure holding 
time (Xu et al. 2021), with reported time scales for HP process-
ing of a few seconds to 30 min or more (Amsasekar et al. 2022; 
Ngamlerst et al. 2022).
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A prior investigation of protein–protein interactions (PPIs) 
revealed an empirical master scaling curve between pressure 
and salt effects on the reduced second virial coefficient of hen 
egg protein ovalbumin solutions (Paul et  al.  2023), and suc-
cessfully applied to data available in the literature for other 
proteins and salts. The study was based on high-pressure 
small-angle X-ray scattering (HP-SAXS) data collected on 
samples incubated at a series of steps at increasing pressure, 
for no more than 5 min/step to mitigate the accumulation of 
radiation damage effects (Hopkins and Thorne  2016). The 
work described here uses high-pressure small-angle neu-
tron scattering (HP-SANS) to access longer pressure incu-
bation time and to investigate the reversibility of pressure 
effects, while ensuring consistency between measurements 
taken on the same sample (Teixeira  2019). Ovalbumin is a 
well-characterized food protein used in numerous products 
for its emulsifying, gelling, and stabilizing properties (Chen 
et  al.  2024; Rostamabadi et  al.  2023). Despite its allergenic-
ity, the nutritional and functional uniqueness of ovalbumin 
granted research towards its animal-free production as a more 
sustainable protein-sourcing alternative (Diwan et  al.  2021). 
Of note, several nonthermal treatments have been shown to 
mask or destroy allergenic protein epitopes, including high 
pressure (Dong et al. 2024).

Ovalbumin has an isoelectric point of 4.5 (Abeyrathne 
et al. 2013). At neutral pH, a net charge of −11 e has been re-
ported (Ianeselli et al. 2010). In the absence of salt, PPIs in the 
dilute or semi-dilute regimes are dominated by electrostatic 
repulsion because of the long-range nature of the interactions, 
a major contributor to solution viscosity. Controlling the vis-
cosity of protein solutions is a present-day technological chal-
lenge, often addressed by modulating the difference between 
pH and protein pI, as well as by using small-solute additives 
such as salts. The use of pressure is of interest in this context 
(Abbas et al. 2010), as well as at a more fundamental level, to 
understand the molecular-basis for PPIs and develop predictive 
tools at various concentration regimes. Previous studies re-
ported temperature effects on the zero-shear viscosity of albu-
mins in water (Monkos 2000) and in salt-containing solutions 
(Heinen et al. 2012) but high-pressure viscosity has been min-
imally explored. In-situ data for β-lactoglobulin (Marjanović 
et al. 2011), measured using a rolling ball viscometer, indicated 
a non-linear increase in viscosity with applied pressure up to 
600 MPa. A different, minimally invasive, option for access-
ing rheological behavior is passive microrheology, which does 
not require external forces acting on the sample of interest 
(Josephson et al. 2016; McGlynn et al. 2020). Diffusing wave 
spectroscopy (DWS) is a light-scattering based passive micror-
heology technique that is sensitive to weak responses com-
pared with bulk rheology. To our knowledge, however, there 
have been no reported applications of HP-DWS to protein solu-
tions. Pressure effects on viscosity are well known, especially 
in the lubrication field, where viscosity behavior has often been 
modeled using the empirical Barus equation (Barus 1893) for 
pressures below 1 GPa. Pressure-viscosity coefficients α are 
on the order of 10−2 MPa−1 for lubricants (Hayashi et al. 2008), 
10−3 MPa−1 for polymer melts (Couch and Binding  2000) and 
10−4 MPa−1 for water. Foods with high water content or dilute 
solutions are expected to follow similar pressure-viscosity scal-
ing to that of water (Först et al. 2002).

The work described here uses HP-SANS to map ovalbumin PPIs 
in the presence of ammonium sulfate, a salt commonly used in 
foods. The interactions are quantified by the reduced osmotic 
second virial coefficient b∗

2
 under pressure incubation times rel-

evant to pressure processing (Knorr 2002). b∗
2
 is related to the 

interaction free energy averaged over all orientations and sep-
arations between a pair of proteins, normalized by an excluded 
volume contribution. The reversibility of pressure effects was 
investigated up to 24 h after depressurization. 20 min pressure 
holding effects were used within the framework of colloidal rhe-
ology to predict solution viscosity across the range of pressures 
and salt concentrations investigated. These were directly com-
pared to experimental observations from viscometry and in situ 
high-pressure DWS (HP-DWS). Building on our prior work, we 
identify a Barus-like scaling for protein solution relative viscos-
ity and effective pressure. The relative viscosity of proteins in di-
lute solutions is defined as solution viscosity normalized by the 
buffer viscosity. It is an indirect measure of PPIs and can be used 
to fine-tune colloidal stability (Boonyaratanakornkit et al. 2002; 
Winter 2015).

2   |   Materials and Methods

2.1   |   Sample Preparation

Ammonium sulfate (AS), sodium phosphate monobasic anhy-
drous, and lyophilized ovalbumin with purity ≥ 98% (agarose 
gel electrophoresis; A5503) were purchased from Sigma-Aldrich 
(Merck, Melbourne, VIC, Australia; and Millipore-Sigma, St. 
Louis, MO). Ovalbumin was used without further purifica-
tion. Sodium deuteroxide from Cambridge Isotope Laboratories 
(Andover, MA) was used to adjust the pH to 7 in D2O-based 
buffers. The measured pH was taken as directly equivalent 
to pD. Polystyrene (PS) microspheres were purchased with 
a diameter of 0.29 μm and a mass to volume fraction of 5% PS 
(Spherotech, Lake Forest, IL). Pluronic F-127 (mass fraction of 
1% in water) and toluene were purchased from Fisher Scientific 
(Pittsburg, PA).

Ovalbumin samples were prepared as described previously 
(Paul et al. 2023). Briefly, stock solutions of 2.4 M AS were pre-
pared by dissolving the salt in 5 mM phosphate buffer at pD 7. 
Lower AS concentration solutions were prepared by dilution 
of the stock with phosphate buffer. Ovalbumin powder was di-
rectly solubilized in each buffer solution to produce a nominal 
concentration of 10 mg/mL, confirmed via absorbance at 280 nm 
(E%

1cm
= 7.35 g cm−1 ∕100 mL) (Lundblad and Macdonald 2018). 

Samples were prepared no more than 24 h prior to HP-SANS 
data collection.

Prior to dispersing into the DWS samples, the PS tracer par-
ticles were sterically stabilized for use at high salt concentra-
tions, through a previously reported swelling procedure (Kim 
et  al.  2005). Briefly, a slight excess volume of Pluronic F-127 
(129 mL) was mixed with 8.4 mL of PS stock solution via gentle 
stirring for 12 h. The suspension was mixed with a volume of 
toluene equal to the total polystyrene volume in the suspension 
(0.4 mL) and stirred for an additional 12 h. It should be noted that 
the chosen ratio of toluene to PS volumes prevents water-toluene 
emulsification during the procedure. Toluene is a good solvent 
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for polystyrene, allowing F-127 brushes to penetrate the tracer 
interface, preventing the swollen PS particles from coalescing. 
To strip the solvent and de-swell the particles, the suspension 
was then heated at 95°C for 30 min in an open container using 
a water bath. It was then cooled to room temperature and con-
centrated via centrifugation (4300 rpm for 30 min). Excess F-127 
was removed with the supernatant and the PS tracers were re-
dispersed in ultrapure water (18.2 M Ω cm, Milli-Q) to produce a 
concentrated stock solution. Prior to each microrheology experi-
ment, three 1.4 mL aliquots of concentrated tracer PS stock were 
additionally washed five times via centrifugation to remove 
trace F-127 (2350 rpm for 30 min). After each wash, 1.3 mL of 
supernatant were discarded, and particles were resuspended in 
1.2 mL of ultrapure water. After the final wash, PS tracers were 
resuspended in phosphate buffer. The nominal particle size be-
fore and after grafting was confirmed using dynamic light scat-
tering (DLS; Zetasizer Nano, Malvern Panalytical), with a final 
grafted particle diameter of ∼310 nm, which did not change 
after each washing step. Grafting was additionally confirmed 
by observing a 90% reduction in the tracer ζ-potential after the 
swelling procedure. The decreased ζ-potential after grafting is 
indicative of good surface coverage of polymer brushes on the 
tracer particles (Garting and Stradner 2018). The tracer aliquots 
were then combined with the appropriate volumes of ovalbu-
min AS solution to produce 40 mL solution containing 10 mg/
mL ovalbumin at the desired salt concentration and a volume 
fraction of 0.5% PS tracer particles. Tracer suspensions in a 4:1 
mixture by volume of 2-propanol:water were prepared simi-
larly, as control samples (Figure S8).

2.2   |   In Situ Ambient- and High-Pressure 
Small-Angle Neutron Scattering

SANS measurements on 5 mg/mL ovalbumin solution (0 M 
AS) were collected at ambient pressure using the NG7 30 m in-
strument (Glinka et  al.  1998) of the NIST Center for Neutron 
Research (NCNR; Maryland, USA). Three instrument configu-
rations with a neutron wavelength of λ = 6 Å, and one configura-
tion at λ = = 8.1 Å using neutron focusing lenses, provided a total 
accessible momentum transfer Q-range of 0.001 Å−1—0.7 Å−1. Q 
is defined as:

and the scattering angle is 2θ. A 640 mm × 640 mm 2D position-
sensitive detector with 128 pixels × 128 pixels (5.08 × 5.08 mm2 
per pixel). Data reduction was carried out using Igor Pro 
(Wavemetrics, Lake Oswego, OR) and the NCNR SANS re-
duction package (Kline  2006). Raw counts were corrected for 
empty cell, ambient background, and non-uniform detector sen-
sitivity contributions. Data were placed on an absolute scale by 
normalizing the scattering intensity to the incident beam flux. 
Buffer scattering was measured for salt-free solution and sub-
tracted from the corresponding ovalbumin solution scattering 
data. Data were fitted using SasView (Doucet et al. 2022) using 
a triaxial ellipsoid form factor averaged over all orientations 
(Finnigan and Jacobs 1971)—see also Supporting Information: 
Section 1. Guinier analyses—see also Figure S1 and Tables S1 

and S2—reveal a radius of gyration of Rg = 22.1 Å ± 0.2 Å for 
5 mg/mL ovalbumin solutions in the absence of AS, in good 
agreement with ambient pressure data collected on the 40 m 
QUOKKA beamline (21.2 Å ± 0.2 Å) at the Australian Center for 
Neutron Scattering (Wood et al. 2018).

SANS measurements on 10 mg/mL protein solutions of vary-
ing AS concentration were also performed on the QUOKKA 
instrument (see Figure  1). In  situ HP-SANS data were col-
lected using a McHugh-type high-pressure cell, based on the 
design of the pressure system available at the NCNR (Teixeira 
et al. 2018). Data were collected at λ = 5 Å with a 10% wavelength 
spread. Two instrument configurations were used to access 
a Q-range of 0.006 Å−1–0.22 Å−1. The data were recorded on a 
960 mm × 960 mm multi-wire 3He proportional detector with 
5 × 5 mm2 resolution per pixel, collected sequentially across a 
series of pressure conditions. Specifically, steps of P (MPa): 0.1, 
100, 200, 250, 300, 0.1, where 0.1 MPa is the nominal ambient 
pressure at the beginning and end of the series. A 20 min incuba-
tion period was used before scattering data were recorded at each 
pressure step. The high-Q limit was restricted by the geometry 
of the pressure cell, but ambient pressure data were additionally 
collected in quartz banjo cells, to provide a reference for ambient 
pressure data over an extended Q range of 0.006 Å−1–0.72 Å−1. 
Data reduction was carried out using an adaptation of the Igor 
Pro NCNR macros for QUOKKA-specific parameters. Buffer 
scattering was approximated as a flat background contribution 
and subtracted from the corresponding ovalbumin solution 
data. Data were fitted as described previously (Paul et al. 2023). 
Briefly, the structure factor for the AS-free solutions was deter-
mined directly from the experimental data, by normalizing the 
10 mg/mL ovalbumin SANS data with the 5 mg/mL solution 
data, based on the assumption that the form factor P(Q) is the 
same at both concentrations. It was also assumed that the low-
est concentration data has negligible structure factor contribu-
tions (see also Figure S2). The neutron-scattered intensities are 
described by:

where Vf  is the volume fraction of ovalbumin in solution and Δ� 
is the difference between the neutron scattering length densities 
(SLDs) of the protein and the buffer. V is the specific volume of 
the protein, P(Q) is the single-particle form factor and Seff(Q) is 
an effective structure factor that accounts for polydispersity and 
anisotropy of the ovalbumin solution structure, (Kotlarchyk and 
Chen  1983). The experimentally-determined structure factor 
was then used to determine b∗

2
, estimated from the zero-angle 

structure factor S(0) using (Goldenberg and Argyle 2014):

where Cp is the protein concentration, NA is Avogadro's number 
and MW is the protein molar mass. The hard-sphere diameter � 
can be approximated as twice the hydrodynamic radius, which 
was determined via DLS. S(0) was determined for each AS-free 
solution scattering data set by averaging the value of the struc-
ture factor for Q < 0.025 Å

−1.

(1)Q =
4�

�
sin �

(2)I(Q)=Vf (��)
2 V P(Q) Seff(Q)

(3)b∗2 =

[

1

S(0)
−1

]

⋅

3

4

MW

�3�CpNA
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For AS-containing solutions, the form factor was fitted with 
a triaxial ellipsoid. The structure factor was fitted with sticky 
hard spheres, a model that assumes attractive PPIs and would 
therefore not be applicable to the AS-free solutions (see also 
Figure  S3). b∗

2
 for AS-containing solutions can be described at 

each applied pressure as a function of the Baxter stickiness pa-
rameter, �B (Wagner and Mewis 2012):

using a “sticky” hard-sphere model based on the assumption 
that repulsive interactions are screened by salt counterions. b∗

2
 

data were scaled as a function of a total effective pressure Peff  
and directly compared with short-time behavior measured via 
HP-SAXS (Paul et  al.  2023). Briefly, the osmotic coefficient � 
was used to account for non-idealities in concentrated electro-
lyte solutions, so that the osmotic pressure can be defined as 
(Ullner et al. 2018):

where Cs is the salt concentration, T is the solution temperature, 
R is the gas constant and i is the number of moles of counterion 
per mole of salt. To combine the effects of salt and applied hy-
drostatic pressure, the total effective pressure on the protein in 
solution was defined as:

where Papplied is the applied hydrostatic pressure for the in situ 
HP-SANS measurements, and G is an empirical weighting 
parameter on the osmotic pressure contributions. G was de-
termined by fitting b∗

2
 as a function of Papplied and Π using a 

numerical approach to parametrize the data, as previously 
reported (Paul et  al.  2023) and further detailed in Supporting 
Information: Section  4. The master curve fit parameters were 
estimated using the MATLAB Curve Fitter (MathWorks, 2023). 
The goodness of fit was determined as R2 = 1—RSS, where RSS 
is the sum of the squares due to error between experimental and 
fitted values, using a linear regression analysis normalized by 
the total sum of squares. R2 > 0.7 was taken as an acceptable fit 
and R2 > 0.9 as a good fit.

2.3   |   High-Pressure Diffusing Wave Spectroscopy 
(HP-DWS)

Passive microrheology techniques use the Brownian motion of 
tracer particles dispersed in a sample fluid to determine rheo-
logical sample properties (Furst and Squires  2017). HP-DWS 
data were collected in transmission mode using a high-pressure 
microrheology instrument to measure viscoelastic behavior up 
to 207 MPa (Dennis et  al.  2020). An argon ion laser (Innova 
90C-5) point source was operated in single-frequency mode 

(4)b∗2 =1−
1

4�B

(5)Π=
iCsRT

�

(6)Peff=Papplied+G�

FIGURE 1    |    HP-SANS intensity profiles (background-subtracted) of 10 mg/mL ovalbumin solutions containing (a) 0 M AS, (b) 0.7 M AS, (c) 1.2 M 
AS, and (d) 1.36 M AS. The applied pressure steps are shown, with darker shades indicating higher applied pressure. For 0.7 M and 1.2 M AS solutions, 
a leak in the pressure cell and beamtime limitations prevented data collection at 300 MPa. SANS data measured in banjo cells at ambient pressure 
(0.1 MPa) extend to higher Q than the pressure cell data. Error bars are standard errors from counting statistics and where not apparent are smaller 
than the symbol size.
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with a vacuum wavelength of λ = 514.5 nm. The mean squared 
displacement (MSD) of the tracer particles can be directly calcu-
lated from the scattered intensity autocorrelation function (see 
Supporting Information: Section  8). Once the MSD is known, 
the zero-shear viscosity can be determined from the Stokes–
Einstein–Sutherland equation:

where, in three-dimensional space, MSD = 6D0�. D0 is the parti-
cle diffusivity, T is temperature, � is the lag time characterizing 
the time-scale of particle motion, kB is Boltzmann's constant, a is 
the tracer particle hydrodynamic radius, and �0 is the zero-shear 
viscosity. Substituting and solving for �0 yields:

Finally, the pressure dependence of the viscosity can be de-
scribed by the Barus equation (Barus 1893):

where P is the applied pressure and � is the pressure-viscosity 
coefficient, with larger coefficients denoting a stronger pressure 
dependence of viscosity. The volume fraction of 0.5% tracer par-
ticles yields a scattering mean free path of multiple scattering 
of l∗ ≈ 0.550 mm. The ratio of sample path length to scattering 
mean free path is 11.8∕ l∗ ≈ 21. A range of 4.5 < L∕ l∗ < 50 is 
desired to satisfy the diffusion approximation, that is, isotropic 
multiple scattering of photons through the sample (Weitz and 
Pine 1993). Pressure was applied at ambient temperature, from 
atmospheric pressure up to 200 MPa in increments of 50 MPa, 
with a final measurement after returning to ambient pressure 
(denoted as R0.1 MPa). Samples were incubated at each target 
pressure step for 20 min prior to HP-DWS data collection. The 
sample refractive indices (see also Figure  S7) were measured 
in the absence of tracers (Abbemat 300 digital refractometer; 
Anton Paar, Graz, Austria). Tracers modified as described in 
2.1 are colloidally stable in solutions up to 0.7 M AS but aggre-
gate in the presence of higher AS concentrations within 1 h and 
microrheology was not measured for these solutions. Tracer 
colloidal stability up to 0.7 M AS buffer was confirmed, by mea-
suring particle size over time via DLS using a 3D spectrometer 
(LS Instruments, Fribourg, Switzerland). The corresponding hy-
drodynamic radius as a function of time was then calculated by 
solving Equation (7).

2.4   |   Capillary Viscometry

Data were collected on a Ubbelohde-type capillary viscometer 
at ambient temperature (24°C) for ovalbumin solutions and the 
corresponding protein-free buffers, at various AS concentration. 
The efflux time tefflux between two markings on the capillary was 
measured—see also Table S6—to determine the solution kine-
matic viscosity:

where CK = 0.003620 is the viscometer constant for the capillary 
used (50-B507). The solution density � was determined using a 
DDM 2911 Plus Automatic Density Meter (Rudolph Research 
Analytical, Hackettstown, USA). The dynamic viscosity � was 
then determined as:

where � was taken as equivalent to the zero-shear viscosity, �0.

2.5   |   Predicting Solution Viscosity From Protein 
Interactions

Macroscopic rheological solution behavior can be predicted for 
the ovalbumin solutions as (Wagner and Mewis 2012):

where �r = �0 ∕�s is the relative viscosity of the protein solution 
with respect to the buffer solution and Vf  is the protein volume 
fraction. The predicted viscosity values for the 10 mg/mL ov-
albumin solutions in various AS concentrations were directly 
compared to experimental observations from capillary viscom-
etry (0.1 MPa, 0 M—1.36 M AS solutions) and from HP-DWS 
(0.1 MPa–200 MPa pressures, 0 M–0.7 M AS solutions).

3   |   Results and Discussion

3.1   |   Pressure Dependence of Protein Interactions 
From Small-Angle Neutron Scattering

HP-SANS data for 10 mg/ml ovalbumin solutions are shown in 
Figure  1. SANS intensity profiles scale with applied pressure 
due to differences between protein and water compressibility, 
as well as slight variations of the sample path length under pres-
sure (Teixeira et al. 2018). Ambient pressure measurements in 
quartz banjo cells agree well with data collected at 0.1 MPa prior 
to pressurization (Table S2). The slope of the Q-dependence of 
the scattering intensities at low Q increases with applied pres-
sure or AS concentration, particularly for Q < 0.05 Å−1. In the 
absence of AS, the scattering profile at ambient pressure re-
flects a small contribution of the structure factor centered at 
Q ≈ 0.02 Å−1 (see also Figure S3), consistent with repulsive inter-
actions. In the presence of AS, 10 mg/mL ovalbumin solutions 
in D2O have a known ambient pressure aggregation boundary 
at ≈2 M AS (Dumetz et al. 2008; Greene et al. 2015) and a con-
tribution to scattering from aggregates or oligomers is expected 
at lower AS concentrations as well. This is in agreement with 
prior HP-SAXS results (Paul et al. 2023). It should be noted that 
there is an additional contribution to the scattering data from an 
instrumental artifact to the lower Q intensities (measurable also 
in the empty beam scattering data, collected without sample 
or pressure cell present). For this reason, scattering intensities 
for Q < 0.015 Å−1 were not used in fitting any of the HP-SANS 
curves.

Figure  2a shows the effect of applied hydrostatic pressure 
on b∗

2
 for each AS concentration. As previously observed via 

(7)D0=
kBT

6� a �0

(8)�0=
kB T �

� a MSD

(9)�(P)= �0e
�P

(10)�=CK tefflux

(11)�= � �

(12)�r =1+2.5Vf +

(

5.9+
1.9

�B

)

V 2
f
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HP-SAXS (Paul et al. 2023), b∗
2
 decreases with increasing AS 

concentration or applied pressure. Notably, in the absence of 
salt, the HP-SANS data show a transition from repulsive to 
attractive PPIs at lower applied pressure (≈200 MPa) than for 
the HP-SAXS data (≈275 MPa), suggesting that, with pressure 
holding times longer than 5 min, the applied pressure required 
to decrease electrostatic repulsion is lower. The 1.36 M solu-
tion presents an apparent departure from the trend of increas-
ingly attractive PPIs with applied pressure, with an apparent 
uptick in b∗

2
 occurring above 250 MPa. The two b∗

2
 values at 

250 and 300 MPa are however not statistically different, and 
prior HP-SAXS data for 1.36 M AS showed that b∗

2
 stabilized 

between 250 and 350 MPa.

The HP-SANS b∗
2
 data was collapsed onto a master curve and 

compared to the HP-SAXS results in Figure 2b. Beyond the ini-
tial reference condition (ambient pressure, AS-free), where b∗

2
 is 

similar for both, b∗
2
 from HP-SANS data is consistently lower than 

the values calculated from HP-SAXS. Attempts to shift the HP-
SANS curve onto the HP-SAXS curve by simply changing the 
parameter G were unsuccessful, indicating a true dependence of 
the master curve behavior on pressure incubation time and not 
simply a dependence of the scaling parameter. Three effective 
pressure regimes are apparent in the master curves shown in 
Figure 2b, corresponding to 3 different slopes of the ovalbumin 
solution b∗

2
 dependency on effective pressure: 0.1–300 MPa, 300–

500 MPa, and 500–700 MPa effective pressures. Figure 2a maps 
the data points in each regime to the corresponding applied 
hydrostatic pressure and assists comparisons to high-pressure 
data reported in the literature. In the absence of AS, and up to 
300 MPa of applied pressure, the b∗

2
 curve is consistent with a 

weakening of electrostatic repulsion. The effect of the applied 
pressure on the phosphate buffer is expected to induce pH shifts 
under 0.4 units (Quinlan and Reinhart  2005). Electrostriction 
effects on basic protein residues also expected, because of the 
volume reduction associated with a more compact arrangement 
of water molecules around electric charges. Ovalbumin contains 
over 10% of basic residues, mostly present in the protein sur-
face. The considerably negative ionization volume of Arginine 
and Lysine (Baldelli et al. 2024), and the proximity of the pKa 

of Histidine (≈6) to the solution pH, are plausible reasons for a 
change in the net charge of ovalbumin under pressure. Further 
studies are however required to confirm this hypothesis, since 
this effect on b∗

2
 can be convoluted with pressure-induced weak-

ening of hydrophobic interactions or changes in hydration water 
density (Russo et al. 2017). Hydrostatic pressure-induced water 
screening of repulsive PPIs has also previously been suggested 
as a destabilizing factor in colloidal stability (Robinson and 
Sligar 1995; Boonyaratanakornkit et al. 2002).

In the second regime, in the presence of 0.7–1.2 M of AS, and 
at applied pressures up to 200 MPa, electrostatic screening by 
AS counterions accentuates the b∗

2
 dependency on effective pres-

sure. This intermediate range of effective pressure appears to 
be the most sensitive to pressure holding time, where HP-SAXS 
and HP-SANS data differ the most. In the third regime, the in-
creased slope of the b∗

2
 curve is clear for AS concentrations of 

1.2 M or higher, where electrostatic screening is expected to be 
complete. Short-range attractive PPIs are strengthened by the 
AS salting out effect, and the destabilization of hydration water 
near hydrophobic residues by applied hydrostatic pressure (bulk 
water is more compressible) is expected to further enhance the 
b∗
2
 drop. Potential effects of high effective pressure on the oval-

bumin form factor were not apparent from the scattering data, 
based on the Guinier and Kratky analyses of the HP-SANS data 
(Table S2 and Figure S5).

3.2   |   Reversibility of Pressure-Responsive Protein 
Interactions From Small-Angle Neutron Scattering

The reversibility of pressure-induced effects on the protein solu-
tions was explored by measuring ambient pressure SANS data 
on 10 mg/ml ovalbumin solutions before, immediately after, and 
24 h after pressure treatment up to 300 MPa, taking advantage of 
the non-destructive nature of neutrons (see also Figure S4 and 
Table S3). No significant changes were reflected on the corre-
sponding Kratky plots (Figure S6). The reduced data is shown in 
Figure 3, and the corresponding values of b∗

2
 are also compared 

in Figure 4 for all AS concentrations.

FIGURE 2    |    (a) Reduced second virial coefficients b∗
2
 as a function of applied pressure, measured by HP-SANS for 10 mg/mL ovalbumin solutions 

at various AS-concentrations. The lines are guides for the eye. Error bars are estimated from the uncertainty in the hydrodynamic diameter (AS-free 
solutions) (Goldenberg and Argyle 2014) or are estimated from the fitting error in the Baxter stickiness parameter, �B. (b) Master curves of ovalbumin 
b∗
2
 as a function of effective pressure, following the same color scheme. HP-SANS data collected after 20 min of pressure incubations are shown by 

filled symbols, while HP-SAXS data collected after 5 min of pressure incubations (Paul et al. 2023) are shown as open black stars. Inset: Inverse of the 
Baxter stickiness parameter as a function of effective pressure. The fit line is to the Barus equation as shown. See also Tables S3 and S4.
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In 0 M AS solution, the agreement between the structures 
measured by SANS prior to and immediately after pressure 
treatment suggests relatively fast reversibility of the effects on 
PPIs. No additional aging effects were measurable 24 h later. 
At 0.7 M AS, the protein solution has a slightly negative b∗

2
 prior 

to pressurization, and the scattering profile appears to recover 
quickly upon depressurization. Upon aging at ambient pres-
sure for 24 h, however, there is a measurable increase in the 
scattered intensities at low Q, indicative of protein aggregation. 
Exposure to high-pressure can cause protein conformational 

drifts, as previously documented by Weber and others (Selwood 
and Jaffe 2012), and trigger slow aggregation consistent with 
the observed HP-SANS. At 1.2 M AS, the scattering from the 
solution before pressurization is also consistent with the pres-
ence of protein aggregates, and pressure-triggered aggregation 
is not clearly distinguishable after pressurization. Finally, for 
the solutions at 1.36 M AS, the slope of the Q-dependence of the 
scattered intensities is slightly reduced immediately after pres-
sure treatment, expected from aggregate dissociation and slow 
re-association (Randolph et al. 2002), but it recovers after 24 h 
of aging. Since this solution was treated at higher pressure than 
the other AS-containing solutions, a direct comparison is not 
possible, but the data are consistent with slower reversibility of 
the pressure effects. It is hypothesized that the slow reversibil-
ity is associated with the recovery from partial unfolding, since 
SANS can be insensitive to the effects of small conformational 
changes on the form factor. This is consistent with reports of 
increased emulsifying activity after ovalbumin treatment at 
300 MPa, and that allergenicity inhibition can be partially 
achieved in the 250–300 MPa range (Horvitz et al. 2024).

3.3   |   Extending PPI Trends to Macroscopic 
Rheological Behavior

3.3.1   |   Dependence of Protein Solution Viscosity on Salt 
Concentration and on Applied Pressure

Equations (10) and (11) were used to convert ovalbumin solu-
tion viscometry data to zero-shear viscosities, as a function of 
AS concentration at ambient pressure. Although a different 
trend cannot be excluded at AS concentrations below 0.7 M, 
the viscosities shown in Figure 5a display an apparent mono-
tonic increase with added salt, and are well-approximated 
by the expanded Jones–Dole equation (Martinus et al. 1977), 
commonly applied to model concentration-dependent viscosi-
ties of salt solutions:

where Cs is the salt concentration and �Cs=0 is the salt-free vis-
cosity. The A and B coefficients capture, respectively, effects 
of solute-solute interactions on viscosity, often negligible for 
non-electrolytes, and solute-solvent interactions. Positive B 
values indicate kosmotropes, such as AS, while negative val-
ues indicate chaotropes. The D coefficient accounts for ion-
ion association effects in concentrated electrolyte solutions. 
Table  1 shows the results of the fits to Equation  (13), which 
yield statistically similar results for the protein-free buffer 
and for the ovalbumin solutions. As the salt concentrations 
are large, compared to the concentration of ovalbumin, salt 
concentration effects on viscosity are expected to dominate. 
However, as shown in Figure 5a, the protein solution shows a 
consistently larger viscosity than the protein-free buffer for all 
AS concentrations. It was further found that the relative vis-
cosities of ovalbumin solutions at various AS concentrations, 
measured by viscometry and used in Equation (4) to calculate 
b∗
2
, are in good agreement with the reduced second osmotic 

virial coefficients obtained from fits to the HP-SANS data at 
ambient pressure (Table S7).

(13)�
(

Cs
)

= �Cs=0
(

1+AC0.5
s +BCs+DC

2
s

)

FIGURE 3    |    Ambient pressure SANS profiles (background-
subtracted) of 10 mg/mL ovalbumin solutions containing (a) 0 M AS, (b) 
0.7 M AS, (c) 1.2 M AS, and (d) 1.36 M AS. The data shown were collect-
ed prior to pressurization (0.1 MPa, yellow squares), immediately after 
depressurization (R0.1 MPa, gray triangles), and aged 24 h on the bench 
after depressurization (post-pressure, black diamonds). Error bars are 
errors from scattering counting statistics and where not apparent are 
smaller than the symbol size.

FIGURE 4    |    Reduced second virial coefficients b∗
2
 from fits to the am-

bient pressure SANS profiles aged 24 h without pressurizing (0.1 MPa), 
20 min after depressurization (R0.1 MPa), and 24 h after depressuriza-
tion (Post Pressure) for ovalbumin solutions with varying AS concentra-
tions as labeled. Error bars are estimated from the uncertainty in the hy-
drodynamic diameter (AS-free solutions) (Goldenberg and Argyle 2014) 
or are estimated from the fitting error in the Baxter stickiness parame-
ter, �B. Gray bands are the 0.1 MPa error range for reference.
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Figure 5b shows calculated viscosities from the HP-DWS data 
on ovalbumin solutions with 0 M AS and 0.7 M AS present 
(see also Figure S9). At 0 M AS, both the ovalbumin solution 
and protein-free buffer display a local viscosity minimum at 
50 MPa, followed by an increase in viscosity with applied pres-
sure. This is a known temperature-dependent nonmonotonic 
behavior. It is due to a disruption of hydrogen bond structures 
at relatively low pressures, observable in pure H2O and D2O 
(Horne and Johnson 2002), and expected for dilute solutions as 
well. At common processing temperatures for pressure-assisted 
thermal sterilization (50°C–90°C) (Soni and Brightwell 2022; 
Wimalaratne and Farid 2008), the local minimum disappears, 
while near 0°C temperatures used for refrigerated storage, the 
local minimum becomes more pronounced.

The initial viscosity measured by HP-DWS immediately 
after depressurization is recovered upon returning to ambi-
ent pressure. This suggests rapid reversibility of pressure ef-
fects for AS concentrations up to 0.7 M AS, as also observed 
by HP-SANS. Fitting the 0 M AS data beyond 50 MPa using 
the Barus equation yields pressure-viscosity coefficients 
of (4.03 ± 0.42) × 10−4 MPa−1 for the protein-free buffer and 
(4.49 ± 0.58) × 10−4 MPa−1 for the protein solution. Both coef-
ficients are higher than that found for H2O (1 × 10−4 MPa−1). 
With 0.7 M AS present, the viscosity minima disappear and �0 
increases monotonically for both the ovalbumin solution and 
its protein-free buffer. Fitting the full 0.7 M AS pressure series 
to the Barus equation yields pressure-viscosity coefficients 
of (7.92 ± 0.44) × 10−4 MPa−1 for the protein-free buffer and 

(8.45 ± 0.27) × 10−4 MPa−1 for the protein solution. The larger 
buffer coefficients are consistent with enhanced pressure-
dependence of the solution viscosity in the presence of AS, 
and a prevalent effect of the salt over the protein. Figure 5b 
also shows that the relative viscosity of ovalbumin for both AS 
concentrations is nearly identical.

3.3.2   |   Dependence of Protein Relative Viscosity on 
Effective Pressure

Plotting the Baxter stickiness parameter (Figure  2b, inset) as 
a function of the effective pressure reveals that the strength 
of interaction follows a Barus-like behavior with a large 
pressure-viscosity coefficient �� ∼ 4 × 10−3MPa−1. Following 
Equation  (12), relative viscosities �r were calculated from fit-
ted Baxter stickiness parameters for each HP-SANS data set. 
Predicted values are shown in Figure 6, along with the best fit 
line to a normalized Barus equation as:

where �r is a relative pressure-viscosity coefficient and �r,0 is the 
protein relative viscosity at ambient pressure. It was assumed 
that any correlations between the protein and solvent viscosi-
ties are negligible. Hydrostatic pressure has additionally been 
replaced by the effective pressure, Peff . Fitting Equation (14) to 
predicted �r data yields a relative pressure-viscosity coefficient 
of (8.47 ± 0.36) × 10−6 MPa−1. Figure 6 also shows how the fit line 

(14)�r
(

Peff
)

= �r,0e
�rPeff

FIGURE 5    |    (a) Zero-shear viscosity �0 as a function of AS concentration, determined by capillary viscometry. Viscosities were measured for 
ovalbumin solutions (open triangles) and protein-free buffer (open circles). The filled stars correspond to relative viscosities. Zero-shear viscosity 
error bars are estimated from the variation in capillary efflux times and in density readings across 5 replicates each. The fit lines are to the expanded 
Jones–Dole equation. See also Table S6. (b) Zero-shear viscosity �0 as a function of increasing applied pressure, and after returning to ambient pres-
sure (R0.1). The viscosities were determined by HP-DWS on ovalbumin solutions containing 0 M AS and 0.7 M AS (filled triangles) and corresponding 
protein-free buffers (filled circles). Open stars correspond to relative viscosities for both salt concentrations (darker color for 0.7 M AS), which overlap 
well. The fit lines are from the Barus equation. Zero-shear viscosity error bars are 90% confidence intervals calculated from fits to the mean squared 
displacements (Furst and Squires 2017).

TABLE 1    |    Parameter fits to the expanded Jones–Dole equation. The coefficient A was kept fixed for all fits.

Source A (L/mol)0.5 B (L/mol) D (L/mol)2

Capillary viscometry Protein free buffer 0.00491 (15.8 ± 0.9) × 10−2 (4.25 ± 0.71) × 10−2

Ovalbumin solutions 0.00491 (15.9 ± 1.1) × 10−2 (4.39 ± 0.95) × 10−2

Relative viscometry data Ovalbumin solutions 0.00491 (1.0 ± 0.4) × 10−2 (7.4 ± 3.1) × 10−3
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to the normalized Barus equation compares to relative viscos-
ity data viscometry and HP-DWS measurements. The experi-
mentally determined trend for HP-SANS matches well with the 
predicted trend from HP-DWS data, with a pressure viscosity 
coefficient of (9.93 ± 2.09) × 10−6 MPa−1. Despite the larger vari-
ability in the rheological data, the two fitted coefficients statis-
tically agree.

The agreement between relative viscosities and b∗
2
 calculated 

from different techniques has important implications for the 
validation of the comparison between HP-SAXS and HP-SANS 
data to investigate the effects of 5 min and 20 min pressure in-
cubation times, respectively. The scattering data series for each 
AS concentration are collected in a sequence of pressure steps 
after the incubation time, but data collection times are signifi-
cantly shorter for SAXS (less than 1 min) than for SANS (up to 
1 h). Potential effects of hysteresis on the two measurements, 
where SANS data at the highest-pressure steps was collected for 
samples exposed to pressure for significantly longer time during 
data collection, were considered. The agreement between vis-
cometry, HP-DWS and HP-SANS data (where data collection 
times differ significantly) confirms however that, after the ini-
tial pressure incubation prior to the start of the data collection, 
HP-SANS data were measured on equilibrated solutions. This 
excludes hysteresis effects on PPIs beyond 20 min of applied 
pressure incubation. As shown in Figure 2b, data collected on 
ovalbumin solutions with 0.7 M AS are found in the Peff range 
where larger differences were observed for b∗

2
 from HP-SAXS 

and HP-SANS data.

The relative viscosity trend shown in Figure 6, cross-validated 
between multiple complementary characterization approaches, 

shows a statistically real increase in resistance to flow as salt 
concentration or pressure is increased. The SANS scattering 
profiles detected aggregation and where such larger particle 
formation is known to hinder fluidity (Heinen et  al.  2012). 
Increasing relative viscosity has consistently been correlated 
with a transition from weak interparticle association to the be-
ginning of protein oligomerization to the onset of crowding or 
bulk aggregation (Moron et al. 2022; Parmar and Muschol 2009; 
Roosen-Runge et al. 2020).

4   |   Conclusions

This study builds on a previous investigation of combined ef-
fects of applied pressure and dissolved salt on protein solution 
from molecular scale to macroscopic behavior. Longer pressure 
holding times enhance the applied pressure effect on ovalbumin 
PPIs, which grow more attractive. HP-DWS or time-resolved 
SANS measurements can produce further information on the 
effects of relatively long pressure incubation times, relevant to 
food and formulation processing. Pressure effects in the pres-
ence of salt are not entirely reversible upon depressurization. 
Most experimental data are collected up to 10 min after pressure 
treatment and can fail to capture pressure-triggered slow pro-
cesses that develop over hours or days, including the irrevers-
ible formation of soluble protein clusters or aggregates. This has 
major implications for viscosity and allergenicity, among other 
properties.

Microrheological and viscometry measurements are shown to 
match well with the predicted viscosity trends from HP-SANS, 
with an increase in protein relative viscosity as effective pres-
sure increases. HP-DWS is an effective and fast screening tool 
for measuring formulation behavior at lower salt concentrations 
where tracer particles remain stable. HP-SANS allows for ac-
curate measurement of protein behavior and good prediction 
of formulation viscosity at higher salt concentrations. Solution 
viscosity is a key process parameter, and an expansion of the 
current approach to more complex formulations or higher pro-
tein concentrations is expected, as improved methods are devel-
oped to fit structure factors and contrast variation techniques 
are used to deconvolute neutron scattering data. Salt and protein 
concentration regimes where DWS and SANS can be compared 
provide cross-validation, while stability screening in the condi-
tions where each technique is optimal will contribute to more 
efficient product development and provide critical data for de-
veloping predictive models.

The empirical correlation of PPIs with the effective pressure is 
shown to hold broadly for multiple incubation times. Further 
analysis shows that the interprotein interaction potential fol-
lows a Barus-like scaling with a large pressure-viscosity co-
efficient compared with water and typical organic lubricants. 
This observation is powerfully reflected in the effects of salt 
and pressure on relative solution viscosity, even at dilute pro-
tein concentration, which is shown to also follow the Barus 
equation. The relative viscosity trends suggest that a combina-
tion of applied pressure and dissolved salt can be used to adjust 
the extent of protein association and dictate phase behavior, 
providing opportunities for product and process development 
optimization.

FIGURE 6    |    Relative viscosity �r for the measured experimental 
conditions as a function of effective pressure. Filled symbols, matching 
those in Figure 2, are predicted �r from HP-SANS fitted Baxter sticki-
ness parameters, �B. Stars are calculated �r from experimental measure-
ments at ambient pressure using a capillary viscometer and density me-
ter (gray filled symbols) and at elevated pressure using HP-DWS (blue 
open symbols). Error bars are calculated from uncertainty in experi-
mental measurements. The fit line is to the normalized Barus equation. 
Schematic representation of the relevance of holding time in measure-
ments involving pressure effects on protein structure. Pressure is repre-
sented generically by a press. Protein molecules are depicted in green, 
and the shortening of the range of interaction is shown through shorter 
distances between protein molecules.
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