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HP-SANS (Teixeira et al., 2018). Reprinted (adapted) with

permission from Sage Publicationsd. Neut. Res. High pressure cell
for Bio-SANS studies under sub-zero temperatures or heat denaturing
conditions by S.C.M. Teixeiraet al. Copyright 2018. b: An HP
rolling-ball viscometer (Marjanovioc et al., 2011). Reprinted from
Marjanovic et al. with permissions under the terms of the Creative
Commons CC-BY-ND license for open access articles Copyright
Mljekarstvo. c: The TA Instruments high-sensitivity pressure cell
(Chen, 2006) attachment for the AR-G2 stress-controlled rheometer
(Ahuja et al., 2021). Reprinted (adapted) with permission from
Elsevier: Adv. Coll. Inter. Sci. Advances and challenges in the
high-pressure rheology of complex uidby A. Ahuja et al. Copyright
2021.d: A McHugh-type pressure cell for HP-DWS (Dennis et al.,
2020). Reprinted (adapted) with permission from AIP.J. Rheol.
Design, operation, and validation of a microrheology instrument for
high-pressure linear viscoelasticity measuremenby K. Dennis et al.
Copyright 2020.: @ @ @ oo n 23

A generalized schematic of a small-angle scattering experiment, where
many instrument components and the X-ray or neutron wavelength
selection and collimation schemes are omitted.: : : : ::::::: 40

A strain amplitude sweep of a gelatin gel (mass fraction of 8.25 wt%)

at 24 C (Tge=26:7 C 0:2 C). The high-strain limit of the large

LVE region is shown with a dashed line, beyond whic&® ( lled

squares) andG®(open squares) are a ected. The chosen strain
amplitude for further measurements wasg = 10%. The loss tangent

tan is also shown (openstars): @ :::: il 54

Schematic of di using wave spectroscopy as measured in the
high-pressure cell with point source illumination and operated in
transmission mode. Incident light is focused to a point on the sample,
where photons scatter through the sample volume with a photon

mean free pathl . Transmitted light is passed through a linear

polarizer to select multiply-scattered light, and a single speckle is
collected by a gradient refractive index (GRIN) lens mounted to a

ber optic detector at an 8 angle to the incident plane. The detected
signal is then ampli ed and passed to a digital correlator. : : : : : 56
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2.4 Di using wave spectroscopy data for two control samples across a
range of pressure conditions (up to 200 MPa in increments of 50
MPa.) a: Normalized intensity autocorrelation functions of 0.5 vol%
polystyrene tracers (2 = 0.29 um) dispersed in water at 23.2C
0.4 C (blue) and 2-propanol/water at 23.9 C 0.3 C (red), with
darker colors denoting larger applied pressures and remeasured curves
at 0.1 MPa post-pressurization shown in black. Lines are guides for
the eye. Inset: Corresponding mean squared displacements of tracer
particles. b: Zero-shear viscosities as a function of applied pressure.
Error in the viscosity measurements is within 0.1 mPas, smaller
than the symbol size. Fit lines (solid) to experimental data are to the
Barus equation.: : : @ :o:oiooronoironoiionliniinniinn 58

2.5 Schematic of di using wave spectroscopy as measured in the
high-pressure cell with point source illumination and operated in
transmission mode, with the addition of a rotating ground glass disk
for measuring nonergodic media. Light is dephased through the disk
and then focused to a point onto the sample face. : @ : . ::::: 62

2.6 Normalized correlation functions of polystyrene tracers & = 220
nm, volume fraction of 0.5%) in a gelatin gel (mass fraction of 8.25%),
the rotating ground glass disk, and their composite correlation
function. The lag time cuto is 0.1 s as indicated by the dashed line. 63

2.7 The high-pressure cell (HPC), pre-assembled and loaded onto the
table-top vise. The tee connector has been torqued into the HPC and
is parallel to the visetable. : : : : oo 65

2.8 The syringe adapter attached to the tee connector, with the top plug

1061 (0 [01=To IS 66
2.9 The HPC and tee connector with the sample-side pressure gauge in

place. The assembly as shown is completely lled with sample.: : 67
2.10 The nal sample-side assembly of the HP-DWS instrument.: : : : 68

2.11 The working-side assembly of the HP-DWS instrument. Working
uid (degassed water) is injected into the piston assembly from a
reservoir, and pressure is transferred to the sample-side assembly.
The temperature controller (PID) and solid-state relay (SSR) as
shown on the optical table outside of the experiment enclosure: : 69

XXili



2.12

2.13

3.1

3.2

3.3

The aligned HPC on the optical table, with the ground glass di user
and focusing lens in place for measurement of gelling samples: : 70

The wiring diagram for the heat control loop in Figure 2.11 and
Figure 2.12.: @ : oo 72

a: Bu er subtracted SAXS pro les for 15 mg/ml ovalbumin solutions
over a range of AS concentrations. The t lines to the scattered
intensities from the AS-containing solutions are shown, using the

sticky hard sphere structure factor combined with the triaxial

ellipsoid form factor model.b: Calculated Sgs (Q) for SAXS pro les.

The 0 M AS solution corresponds to the experimental structure

factor. Error bars are standard errors from counting statistics and
where not apparent are smaller than the symbols: : : : @@ 93

HP-SAXS pro les (bu er subtracted) of 15 mg/ml ovalbumin

solutions (left panels) and correspondin&(Q) (right panels)

containinga, b: 0 M AS;c, d: 1.2 MAS;e, f: 1.36 M AS. The

applied hydrostatic pressure steps were 10 MPa, 98 MPa, 195 MPa,
265 MPa, and 350 MPa. 0 M ASS(Q) were experimentally
determined; S(Q) for AS-containing solutions areSe; (Q) from sticky

hard sphere model ts. Error bars are standard errors from counting
statistics and where not apparent are smaller than the symbols: : 95

a: The reduced second virial coe cientsb, as a function of AS
concentration for 15 mg/ml ovalbumin solutions at atmospheric
pressure, calculated from SAXS data. Increasing salt concentration is
color coded from light blue (0 M AS) to dark red (1.36 M AS)b:

The reduced second virial coe cientsh, as a function of applied
hydrostatic pressure for ovalbumin solutions in 0 M, 1.2 M, and 1.36

M AS. The lines are guides for the eye. Error bars in both plots are
estimated from the uncertainty in hard sphere diameter (AS-free
solution, using Equation 3.6) or are estimated from the tting error in

the stickiness g (AS-containing solutions, using Equation 3.9). : : 96
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3.4

3.5

4.1

Master curve of ovalbuminb, as a function of the e ective pressure,

Pets , With t parameters of G =5.94 0.40 R? = 0.99). AS
concentration is denoted by color consistent with Figure 3.3, with a
range of 0 M AS (light blue) to 1.36 M AS (dark red). Sample
composition and experimental conditions for each data point can be
found in Appendix B. Inset: Dependence of the osmotic pressure

on total ion concentration, with R? = 0.99. Error bars for the

literature data are estimated from known experimental uncertainties
(Dumetz etal.,, 2007). @ : ool 98

a: Master curve of -lactoglobulin b,, based on data from the
literature (see Appendix B) with G = 8.15 0.87 R? = 0.71). NaCl
concentration is denoted by color, with a range of 0 M (light blue) to
0.3 M (dark red). b: Master curve of lysozymeb,, based on data from
the literature (see Appendix B) with G =5.22 0.53 (R? = 0.74).
NaCl concentration is denoted by color, with a range of 0 M (light
blue) to 1 M (dark red). Black open star symbols correspond to data
collected at di erent pressures for solutions of lysozyme containing
150 mM NacCl (Berger et al., 2023). Sample composition and
experimental conditions for data in both plots can be found in
Appendix B. Error bars for both plots are reproduced from the
literature data, estimated from the normalization byB5 when
available, or from the error inS(0) calculations using Equation 3.6
(NaCl-free SANS data). : @ ::: v rnnn 99

HP-SANS intensity (background-subtracted) of 10 mg/mL ovalbumin
solutions containinga: 0 M AS, b: 0.7 M AS,c: 1.2 M AS, andd:

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 highe@ than the pressure cell data.

Error bars are standard errors from counting statistics and where not
apparent are smaller than the symbol size: : : : :::::::::: 126
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4.2

4.3

4.4

a: Reduced second virial coe cientsb, as a function of applied
pressure for 10 mg/mL ovalbumin solutions color-coded as labeled.
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 tting error
in the Baxter stickiness parameter, g. b: Master curve of ovalbumin

b, as a function of e ective pressure, following the same color scheme.
HP-SANS data collected with 20 minutes of pressure incubations are
shown with lled symbols following the same color scheme, with
HP-SAXS data collected with 5 minutes of pressure incubations (Paul
et al., 2023) shown as open black starénset: Baxter stickiness
parameter as a function of e ective pressure. The t line is to the
Barus equation as shown.: : @ :: oo 128

Ambient pressure SANS pro les (background-subtracted) of 10

mg/mL ovalbumin solutions containinga: 0 M AS, b: 0.7 M AS, c:

1.2 M AS, andd: 1.36 M AS. The data shown were collected 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: : : ::::::::::: 130

a: Reduced second virial coe cientsb, from ts to ambient pressure
SANS pro les aged 24 h without pressurizing (0.1 MPa), 20 minutes
after depressurization (R0.1 MPa), and 24 h after depressurization
(Post Pressure) for ovalbumin solutions with varying AS

concentrations as labeled. Error bars are estimated from the
uncertainty in the hydrodynamic diameter (AS-free solutions)
(Goldenberg and Argyle, 2014) or are estimated from the tting error

in the Baxter stickiness parameter, g. Gray bands are the 0.1 MPa
error range forreference: @ : : ;oo 131
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4.5

4.6

5.1

a: Zero-shear viscosity o as a function of AS concentration,
determined by capillary viscometry. Viscosities were measured for
ovalbumin solution (open triangles) and protein-free bu er (open
circles). The lled stars correspond to relative viscosities. Zero-shear
viscosity error bars are estimated from the variation in capillary e ux
times and in density readings across ve replicates each. The t lines
are to the expanded Jones-Dole expression in Equation 4.15.
Zero-shear viscosity o as a function of applied pressure, determined
by HP-DWS on ovalbumin solutions containing 0 M AS and 0.7 M

AS ( lled triangles) and corresponding protein-free bu ers (lled
circles). The open stars correspond to relative viscosities for both salt
concentrations (darker color for 0.7 M AS). Zero-shear viscosity error
bars are 90% con dence intervals calculated from ts to the mean
squared displacements (Furst and Squires, 2017). The t lines are
from the Barus equation (Equation 4.11). : : :::::::::::: 134

Relative viscosity , for the measured experimental conditions as a
function of e ective pressure. Filled symbols, matching those in

Figure 4.2, are predicted ; from HP-SANS tted Baxter stickiness
parameters, g. Stars are calculated , from experimental

measurements at ambient pressure using a capillary viscometer and
density meter (gray lled symbols) and at elevated pressure using
HP-DWS (blue open symbols). Error bars are calculated from
uncertainty in experimental measurements. The t line is to the
normalized Barus equation (Equation 4.16).: : : : ::::::::: 137

SAOS and DWS of gelatin (mass fraction of 8.25 wt%) at ambient
pressure (0.1 MPa) with darker colors denoting decreasing
temperature (45 C, 28 C, 27 C, 265 C, 24 C, 23 C). a:
Normalized correlation functions of PS tracers in gelatinb:
Corresponding mean-squared displacements. Gelatin rheology in
the sol state;d: gel state. Gray lines are the expectet? inertial
scaling. Solid GY! )) and dashed G°! )) black lines are
high-frequency ts. e: Loss tangent.f: The entropic modulusGy (N)
and the interchain distance (O). Lines are guides for the eye. Error
in Gy Is the standard deviation of three replicates and is propagated
toerrorin . ::cccicooiioiroiioiiroiioiiooron 157
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5.2

5.3

5.4

5.5

DWS of gelatin (mass fraction of 8.25 wt%) with varying pressure

(0.1 MPa, 50 MPa, 100 MPa, 150 MPa, 200 MPa) at ambient
temperature (23.5 C 0.6 C). Darker colors denote increasing
pressure.a: Normalized correlation functions of PS tracers in gelatin.

b: Corresponding mean-squared displacements, microrheology, and

d: loss tangent.e: Elastic chain density. Error bars are estimated

from the tting errors to Equation 5.12. The t line is to the Barus
equation. f: Entropic modulus Go (N) and the interchain distance

(O). Errorin Gy and are propagated from tting errorin . : : : 160

DWS of gelatin (mass fraction of 8.25 wt%) with varying temperature
(30 C, 27 C) and pressure (0.1 MPa, 100 MPa, 200 MPa).
Temperature variation was 0.25 C. Darker colors denote increasing
pressure.a, b: Normalized correlation functions of PS tracers in

gelatin. ¢, d: Corresponding mean-squared displacements, f:
CorrespondingGY! ) (lled squares), G%! ) (open squares), and tan
(open stars). Solid GY! )) and dashed G°! )) black lines are
high-frequency ts. @ : ::: oo s r oo 163

DWS of gelatin (mass fraction of 8.25 wt%) with varying temperature
(26 C, 25 C) and pressure (0.1 MPa, 100 MPa, 200 MPa).
Temperature variation was 0.25 C. Darker colors denote increasing
pressure.a, b: Normalized correlation functions of PS tracers in

gelatin. c, d: Corresponding mean-squared displacements, f:
CorrespondingGY! ) (lled squares), G%! ) (open squares), and tan
(open stars). Solid GY! )) and dashed G°! )) black lines are
high-frequency ts. : : ;oo o s s 165

Transient network parameters with varying temperature (30C, 27
C,26 C, 25 C, 23,5 C) and pressure (0.1 MPa - 200 MPa). 23.5C
data are reproduced from Figure 5.2e and Figure 5.2f for comparison.
a: Elastic chain density. Error bars are estimated from t errors using
Equation 5.12. The t lines are to the Barus equation.b: Fitted
pressure-elasticity coe cients to the elastic chain densities in Figure
5.5a. Error is from the Barus equation.c: The calculated entropic
modulus, with lines as guides for the eyad: The interchain distance

, with lines as guides for the eye. Error irG, and are propagated
from tting error in . e: Interchain distances at the critical gel
transition under ambient pressure (left) and 100 MPa (right). : : : 167
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5.6

6.1

6.2

Pressure-temperature phase diagram of gelatin with a mass fraction
of 8.25%, as determined from microrheological behavior. A transition
Is observed from a sol state (circles) to a gel state (diamonds) by
decreasing temperature or increasing pressure, with a critical gel state
(squares) observed for select conditions in the range of pressures and
temperatures investigated. The pressure-dependent sol-gel behavior is
in agreement with data from the literature (open stars) (Gekko,

1991). The resulting gels along the critical gel line are not equivalent,
as the resulting microstructure and gel strength shift depending on

the stepwise path of temperature and pressure to reach the critical gel
1] [= 2 S Y 40

a: Bu er-subtracted USAXS pro les of 10 mg/ml ovalbumin at
ambient pressure and varying AS concentrations (1.68 M, 1.84 M,
1.92 M, 2.00 M, 2.16 M). Darker color denotes larger AS
concentration. Pro les are scaled by the indicated scale factor for
clarity. Error bars are standard errors from counting statistics and
where not apparent are smaller than the symbold: Fitted Ry

(lled circles) and D¢, (lled stars) for the high-Q structural level of
the measured dense phases. No meaningful valueRgfwere obtained
beyond 1.92 M. Expected fractal dimension values for reaction-limited
cluster aggregation (RLCA) and di usion-limited cluster aggregation
(DLCA) are marked with dark gray and light gray shaded regionsc:
Fitted Ry, (lled circles) and Dy, ( lled stars) for the low-Q

structural level of the measured dense phases. Expected fractal
dimension values for mass fractals are marked with the gray shaded
region, with the white region corresponding to surface fractals. Error
bars arise from tting uncertainties in Guinier-Porod t parameters. 187

a: Bu er-subtracted USANS pro les of 10 mg/ml ovalbumin at
ambient pressure and selected AS concentrations for comparison. Fit
lines are to a core-shell sphere model (Fournet and Guinier, 1955).
Pro les are scaled by the indicated scale factor for clarity. Error bars
are standard errors from counting statistics and where not apparent
are smaller than the symbols. Lines are guides for the eye.
Ovalbumin dense phase core-shell dimensions from ts to the USANS
data. Error bars arise from tting uncertainties in Reoe (lled circles)
and tqhen (half- lled circles). c: Fitted scattering length densities
(SLD) of the core ( lled circles), with the calculated ovalbumin

volume fraction shown (open stars). Error bars arise from tting
uncertainties in the core SLDs and are propagated to the volume
fractions. Lines are guides fortheeye.: : : : . ::: 0 189
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6.3

6.4

6.5

Al

Combined SLS and SAXS intensities for 10 mg/ml ovalbumin with:

1.84 M AS,b: 1.92 M AS, andc: 2.06 M AS after pressure treatment

on day 5 of aging. Pressure incubations were performed at 0.1 MPa,
100 MPa, or 200 MPa for 2 hours at ambient temperature (22.6C

0.3 C) with darker colors denoting larger incubation pressureEx

situ measurements were performed at 2. SAXS data were

bu er-subtracted prior to combination with SLS data. Data are

scaled by the scaling factors as indicated for clarity. : : : : :::: 191

a: Fitted Rg; and D¢, for the high-Q structural level of the
pressure-treated dense phases. No meaningful valueRgf were

obtained for the 2.06 MPa sampleb: Fitted Ry and D¢, for the

low-Q structural level of the pressure-treated dense phases. Expected
fractal dimension values for mass fractals are marked with the gray
shaded region, with the white region corresponding to surface

fractals. Error bars arise from tting uncertainties in Guinier-Porod
tparameters. = :::ocociooriiroiioiiioiroiioor 193

Pressure-salt state diagram of 10 mg/ml ovalbumin in the presence of
ammonium sulfate, as determined fronex situ scattering

observations. Crystallization-arrested phase separation is induced via
pressurization of aged gel beads near the phase transition boundary

at ambient pressure, and a transition is seen between gel beads (blue
diamonds) and dense protein particles (red half- lled circles). The
dense phase microstructure and distribution of protein are not
equivalent between di erent locations near the spinodal line: : : : 196

Proposed benchtop validation design for HP-DWS in the NCNR

SANS pressure cell. A coupled ber optic to the laser (A,B)

anticipates geometric constraints at the beamline by allowing

exibility in the incident beam location and angle. After passing

through the pressure cell (C), scattered photons pass through a linear
polarizer (D) before collection by a GRIN lens mounted to the ber

optic detector (F). Twin avalanche photodiodes (G) reduce the risk of
afterpulsing, which appears as correlation function artifacts at short

lag times. Finally, the detected signal is passed to the digital

correlator (H) which generates the correlation function: : : : : :: 229
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A.2

B.1

B.2

B.3

Proposed schematic of SILVERSANS for combined neutron scattering
and di using wave spectroscopy in transmission mode. Two neutron
transparent mirrors guide the incident laser beam through the

pressure cell and collect multiply-scattered photons for detection,
allowing for the laser source and ber optic photon detector to be
positioned outside of the neutron beam path.: : : : :::::::: 232

a: X-ray scattering intensities for the SAXS-elution pro le of AS-free
ovalbumin solution in 5 mM phosphate bu er pD 7 (injection of 50
pL of protein solution at 15 mg/mL). The dashed line shows the
background signal from bu er. The main peak radius of gyratiorR
(blue) was calculated using liquid chromatography (LC) series
analysis available in BioXTas RAW (Brookes et al., 2016; Hopkins
et al.,, 2020). TheRy of 24.8A tted to the main peak is consistent
with the monomer as the dominant species in solution. The average
data for the main peak was used to produce a 1D scattering pro le,
which was then tted to determine the reduced second virial

coe cient b,. b: Corresponding UV absorption pro le for the 4 mL
elution measurement. The monomer peak (eluted at 2.5 mL)
represents 88% of the total area of the absorbance intensity. : : 234

Cumulant t to the normalized intensity autocorrelation function for
AS-free 0.997 mg/ml ovalbumin solution in 5 mM deuterated

phosphate bu er (pD 7), collected via dynamic light scattering

(DLS). The DLS data was collected at a scattering angle 90at 23

C. The average hydrodynamic radius calculated from Equation 3.2
was determined to be 31.3\, yielding Rg/Rh  0.776, close to the
expected average ratio of 0.775 for globular proteins (Roosen-Runge
etal.,,2020).: : ;oo r o r oy n s 235

Ambient-pressure SAXS data measured for 5 mg/mL ovalbumin

solution in 5 mM sodium phosphate bu er pD 7 at room

temperature. The bu er contributions have been subtracted from the
data. The triaxial ellipsoid best- t curve (black) is shown overlapping
with the data (blue) and theoretical scattering calculated from the
monomer (gray) and dimer (light gray) crystal structure
(Schneidman-Duhovny et al., 2016)Inset: Guinier t to the low Q

data, for radius of gyration determination, shown in black. Error bars
arise from experimental counting statistics: : : : :::::::::: 236
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B.4

B.5

B.6

B.7

Structure factor pro le calculated from b, for AS-free 5 mg/ml

ovalbumin, using the master curve equation to validate the initial
assumption of no signi cant protein-protein interaction contributions

to the corresponding SAXS data. The contribution from the structure
factor to the scattering intensities are< 1% across the t range (0.01
Al<Q< 04AY. s 237

a: CD data shown as the mean residue ellipticity (MRE) for 0.9
mg/mL ovalbumin at room temperature with varying AS
concentrations, color-coded as labeled. Error bars are standard errors
in MRE based on three averaged measurements per conditidun.
Secondary structure fractions determined from deconvolution of
circular dichroism data using the CONTINLL algorithm in

Dichroweb, and Reference data set SP175 (Miles et al., 2022; Lees
et al., 2006; Provencher and Gloeckner, 1981). The NRMSD for the
ts to the 0, 0.24, 0.48, and 1.2 M AS solutions were 0.021, 0.024,
0.023, and 0.048, using Equation 2.23. The error bars are standard
errors between three successive deconvolutions at each condition. 239

a: Kratky plots of background-subtracted pressure-series SAXS data,
collected at di erent AS concentrations as labeled for each panel.
Darker colors denote increasing applied pressure (10 MPa, 98 MPa,
195 MPa, 265 MPa, 350 MPa). Error bars arise from experimental
counting statistics. b: Normalized scattering intensity ratios for the
HP-SAXS data sets, calculated for each pressukRe from the room
pressure data aRR = (1p=  p)=(l1ompa= 10mpPa), Where is the
scattering length density contrast for each curve. Darker colors

denote increasing applied pressure (10 MPa, 98 MPa, 195 MPa, 265
MPa,350MPa). : ::::::rrrrrrnrnrrrrnnrnn 241

Osmotic coe cients at ambient conditions for several common

chloride (thin lines), phosphate (normal lines), and sulfate (heavy

lines) salts as calculated from the Pitzer correlations. The three

anions are common in biological formulations and bu ers (Beck et al.,
2021; Greene et al., 2015; Quigley and Williams, 2015). Error bars,
propagated from reported standard deviations in Pitzer empirical
parameters, are shown as light gray bands. Rate of departure from
non-ideality (decrease from = 1) and location of ., depend on ion
sizeandvalency. : @ @ ;oo 243
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B.8

B.9

Cl

C.2

C.3

Background-subtracted ovalbumin SAXS pro les for 5 mg/ml without

the presence of AS (blue) and 15 mg/ml with 0.7 M AS (gray). The

pro le intensities compare well, validatingb, = 0 at 0.7 M AS in 15

mg/ml ovalbumin solution as estimated from the master curve. The
triaxial ellipsoid form factor t to the AS-free 5 mg/mL ovalbumin

solution also ts the AS-containing 15 mg/mL ovalbumin solution

data. Error bars arise from experimental counting statistics.: : : : 244

Ovalbumin b, as a function of the osmotic pressure contributions, for
data collected at various AS concentrations and applied hydrostatic
pressures G = 5.94). Applied hydrostatic pressures for the three
HP-SAXS series (blue, 0 M AS; red, 1.2 M AS; dark red, 1.36 M AS)
are, in the direction of the arrows: 10, 98, 195, 265, 350 MPa. The
hydrostatic pressure for all other points is atmospheric ( 0.1 MPa). 248

Ambient pressure background-subtracted SANS measured on a 5
mg/ml ovalbumin solution in 5 mM sodium phosphate bu er (pD 7).

The best-t to a triaxial ellipsoid form factor is shown (black line.)

Inset: Guinier t, with the best- t curve shown in black. Error bars

arise from experimental counting statistics. The uptick in intensity at
low-Q is caused by the presence of air bubbles in solution (SAXS data
on degassed samples did not show this behavior), and this portion of
the curve was not used for tting.: : : :::: oo 253

Kratky plots of background-subtracted pressure-series SANS data,
collected at di erent AS concentrations as labeled for each panalto
d. Darker colors denote larger applied pressures. Error bars arise
from experimental counting statistics.. : : @ : oo 257

Kratky plots of background-subtracted ambient-pressure SANS data,
collected prior to, immediately after, and 24 h after pressure

treatment at di erent AS concentrations as labeled for each panel.
Darker colors denote larger applied pressures. Error bars arise from
experimental counting statistics.: : : ;oo 258
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C.4

C.5

C.6

C.7

Structure factors corresponding to HP-SANS pro les collected for 10
mg/ml ovalbumin solutions, containing various concentrations of
ammonium sulfate (AS)a: 0 M AS, b: 0.7 M AS,c: 1.2 M, andd:

1.36 M AS. Curves for 0 M AS solution are experimental structure
factors Sgyp(Q) = 1(Q)=P(Q), while all other curves are the result of
sticky hard sphere ts to the SANS data. Applied hydrostatic

pressures for each curve are as shown. Pressure increases theJow-
intensity, except for 1.36 M AS between 250 - 300 MPa. Error bars in
the experimental structure factors are propagated from counting
statistics errors in the measured SANS data. : : : ::::::::: 259

Structure factors corresponding to HP-SANS pro les measured using
quartz banjo cells for solutions of 10 mg/ml ovalbumin in Figure 4.3,
containinga: 0 M AS, b: 0.7 M AS,c: 1.2 M, andd: 1.36 M AS.

The 0.1 MPa data correspond to ambient pressure solutions which
were never pressurized, R0.1 MPa are data collected solution 20
minutes after depressurization, and Post Pressure data were collected
24 h after depressurization. Curves for 0 M AS solution are
experimental structure factorsSey,(Q) = 1 (Q)=P(Q), while all other
curves are the result of sticky hard sphere ts to the SANS data.
Discrepancies between the initial interaction behavior (0.1 MPa) and
R0O.1 MPa behavior (1.36 M) or with Post Pressure behavior (0.7 M)
re ect slow processes over the span of hours post-pressurization,
leading towards either enhanced aggregation or slow recovery of a
partially deformed protein structure. Error bars in the experimental
structure factors are propagated from error in the SANS data. : : 260

Refractive indices of ovalbumin solution and its corresponding bu er

as a function of temperature. Fit lines indicates slightly greater
refractive indices in the presence of the proteimé) than in

protein-free bu er (ng) with a larger change with increasing
temperature. Error bars are smaller than the symbols. Top two

curves: 0.7 M AS, protein (P) and bu er only (B) solutions. Bottom

two curves: 0 M AS, protein (P) and bu er only (B) solutions.: : : 265

Normalized correlation functions of polystyrene tracers & = 0.29
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ABSTRACT

High hydrostatic pressure (HP), de ned as pressures between 100 MPa - 800
MPa, is an increasingly prevalent component of protein formulation processing for foods
and pharmaceuticals. HP is found across the process development scheme, including
extraction and puri cation of drug substances via cell disruption, freeze-thaw cycling
of liquid therapeutic drug products during storage, pressure-inactivation of cell-based
and virus-based assays for vaccine manufacturing, and non-thermal sterilization. HP
can have signi cant e ects on the stability, rheological properties, and phase behavior
of protein formulations, yet despite the wide usage of HP in industrial processing,
little is known about the mechanistic e ects of HP on protein intermolecular behavior,
formulation properties, or phase behavior. The major barrier to developing predictive
models for HP protein behavior is a lack of available situ HP protein data, which itself
stems from the limited availability of in situ characterization approaches for structure,
rheology, and phase behavior under HP. Therefore, the research in this dissertation
is motivation primarily by two goals: an expanded understanding of the mechanistic
e ects of HP on protein behavior by building structure-property relationships across
multiple length scales, and an expansion upon current HP analytical capabilities to
provide better tools for formulation screening under HP.

First, we apply HP small-angle X-ray scattering (HP-SAXS) to investigate the
simultaneous e ects of HP and dissolved salt on ovalbumin intermolecular interac-
tions. Interaction trends are quanti ed by the reduced second virial coe cient and a
synergistic e ect is observed, with enhanced net attraction with either increasing ionic
strength or applied pressure. A signi cant contribution of the work in this dissertation,
inspired by the apparent pressure-salt synergism, is a new semi-empirical model which

captures the e ects of both pressure and ionic strength with a single e ective pressure
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parameter. Applying the model results in smooth alignment of interaction data to a
master curve across a wide range of applied pressures and ionic strengths. The model
is then applied to protein data in the literature, and the correlation is shown to apply
broadly but not universally to other protein-salt systems. Importantly, the synergism
with ion e ects strongly supports a hydration-driven mechanism of pressure-induced
protein-protein attraction and provides critical insight into the mechanistic e ects of
pressure on protein stability.

We also investigate the e ects of pressure holding time on the semi-empirical
master curve, using HP small-angle neutron scattering (HP-SANS) as a non-destructive
method for time-resolved studies. Performing a similar screening of ovalbumin inter-
molecular interactions across applied pressures and ionic strengths reveals that net
attractive interactions are signi cantly enhanced with increased pressure holding time.
Pressure-induced e ects are also shown not to be fully reversible in the presence of salt,
and slow aggregation processes emerge more than 24 h after depressurization. Interac-
tion data from long pressure incubations are then used to predict the protein relative
viscosity. We use a combination of conventional viscometry and HP di using wave
spectroscopy (HP-DWS) microrheology to demonstrate agreement between predicted
and experimental viscosity data, providing a route to building predictive models by
correlating multiple data sets together from distinct characterization approaches.

Another novel contribution of the research in this dissertation is the rst demon-
stration of in situ HP rheology for studying protein sol-gel behavior. HP-DWS is
performed with in situ temperature control to measure the e ects of HP on a ther-
moreversible protein sol-gel transition. One major contribution of this work is clear
evidence that pressure and temperature induce orthogonal gelation mechanisms, and
the rheological behavior of a pressure-induced gel varies signi cantly from that of a
preset thermal gel under HP. We present a pressure-temperature phase diagram, from
which the structural and mechanical properties of a gel can be potentially tuned using
stepwise variations in pressure and temperature. The work presented here signi cantly

advances current HP characterization capabilities by developing a new analytical tool
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for HP rheology of protein-based complex uids. We additionally present a proposed
design for simultaneous HP-SANS-DWS, which would enable optimized screening of
protein formulation structure and rheology within situ pressure and temperature con-
trol.

We further demonstrate the irreversible e ects of HP on salted-out ovalbumin
dense phases usingx situ static light scattering (SLS) and SAXS. Gel microparticles
formed at moderate salt concentrations and dense core-shell protein particles formed
beyond a high-salt phase transition boundary both dissociate during pressure treat-
ment, allowing for repacking into more tightly arranged structures that persist after
depressurization. In contrast, gel microparticles near the phase transition line exhibit
pressure-induced phase separation. Signi cantly, the gel particle network is replaced
by dense core-shell structures, while the constituent gel clusters persist. This result
implies a gradually reduced favorability of the gel phase with pressurization, allowing
crystallization to dominate with a su ciently high applied pressure, and con rms the
hypothesis that competition between gelation and crystallization dictates the dominant
phase behavior.

The research presented in this dissertation makes signi cant contributions to
the mechanistic understanding of protein behavior under high pressure and begins to
correlate data across multiple characterization approaches into structure-property rela-
tionships. By probing HP behavior simultaneously with other formulation and process
parameters, the mechanisms through which each parameter in uences structure, rheol-
ogy, and phase behavior can be determined and decoupled. The results of the research
in this dissertation have signi cant implications for property control during protein for-
mulation processing, as material properties can be tuned through a carefully designed

series of process steps.
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Chapter 1
INTRODUCTION

1.1 Motivation

The biopharmaceutical industry is quickly approaching &750 billion market
(Rathore et al., 2024). With the rapidly increasing number of therapeutic molecules
and applications, there is a growing need for more capable and faster formulation
processes to produce stable products. Proteins are complex molecules and can be ex-
tremely sensitive to uctuations in solution conditions, including temperature (Beck
et al., 2021; Cinar et al., 2019), pressure (Gomes et al., 2021; Moller et al., 2012), pH
(Dumetz et al., 2008; Quigley and Williams, 2015), and salt and polymer additives
(Matsarskaia et al., 2018; Annunziata et al., 2008; Dumetz et al., 2007), which presents
a signi cant challenge in processing formulations while preserving properties of inter-
est. Formulation control allows for tuning of protein phase behavior, which is highly
desirable for both liquid and solid protein formulations. For example, solution stabil-
ity is critically important for liquid biotherapeutic dose forms (Walchli et al., 2020)
and can present unexpected challenges during Il- nish steps and in long-term storage.
Solid protein phases in drug product processing are typically the result of unexpected
nonnative aggregation and can have negative consequences for product e cacy and
process e ciency (Johnson and Lenho, 2013; Authelin et al., 2020). Native aggrega-
tion, however, is potentially more controllable than nonnative aggregation (Roberts,
2014; Kumru et al., 2014) and presents opportunities for directing protein-based soft
material design (Gagner et al., 2014; de Vries et al., 2017). Gelled protein microparti-
cles, for instance, have found uses in pharmaceutical and biomedical applications, such

as wound healing (Gounden and Singh, 2024) or as e ective drug delivery vehicles



for protein- and non-protein therapeutics (Hui et al., 2019; Hong et al., 2020; Karimi
et al., 2016), where gel structural properties correlate with process performance. An-
other example is bulk phase separation, which can rapidly condense a target protein
into concentrated droplets or crystals to e ectively purify an individual protein species
from a complex molecular mixture (Judge et al., 1995; Silva Freitas and Abrahao-Neto,
2010; Liu et al., 2010). Therefore, identifying ways in which formulation and process
parameters in uence both protein stability and phase behavior can allow for optimized
product development across a wide range of applications.

Protein formulation stability has been extensively explored in the literature
across a wide range of temperature, pH, and salt concentrations to map mechanistic
e ects on protein behavior and build predictive tools for formulation development.
High pressure (HP), de ned as 100 MPa - 800 MPa (1000 atm = 1.013 kbar = 101.3
MPa) for protein formulation processing, has not been explored to the same rigorous
extent despite an increasing presence in processing schemes (Akasaka, 2015; Patterson
and Knoerzer, 2016; Yan et al., 2021; Amsasekar et al., 2022). For instance, cell
disruptors are increasingly used to extract non-secreted target proteins from cultured
cells and subject proteins to upwards of 200 MPa-300 MPa during the puri cation step
(Saravana et al., 2023), freeze thaw cycling applies up to 200 MPa locally as solvent
expands (Authelin et al., 2020), and pressure-induced inactivation of microbes, cells,
and viruses at 300 MPa - 800 MPa have been exploited for non-thermal sterilization
and vaccine production (Silva et al., 2015; Barroso et al., 2021; Masson and Tonello,
2000) with some of these applications highlighted in Figure 1.1. Pressure has been
demonstrated in many cases to drive protein behavior along an orthogonal axis to
temperature, pH, or additive e ects (Teixeira, 2019; Moller et al., 2012; Cinar et al.,
2019). In the pressure range of biotherapeutic interest, covalent bonds are not a ected
(Daniel et al., 2006), allowing therapeutic activity and chemical composition of proteins
to remain unaltered. However, moderate pressures between 200 MPa - 800 MPa can
in uence macromolecular assemblies due to e ects on non-covalent interactions, and

e ects on protein gelation or phase separation behavior can appear even at pressures of



100 MPa - 200 MPa (Moron et al., 2022; Moller et al., 2014). This presents the potential
for pressure-directed molecular behavior and phase behavior, and therefore raises the
need for an improved understanding of HP protein behavior to build predictive models.
Despite the increasing usage of HP in industrial processing, there remains a large gap in
available in situ protein data which limits the development of these tools. Therefore,
the goal of this dissertation is to bridge this gap by making signi cant connections
between the molecular e ects of pressure on protein behavior and the macroscopic
e ects on formulation structure, rheology, and phase behavior, while contributing novel
data to the HP protein literature for the development of predictive models. As discussed
in Section 1.4, there are currently limited capabilities to performn situ HP studies
required to build the data sets required for predictive modeling, and a secondary goal
of the dissertation is to develop novel characterization techniques to facilitate future
HP screening of protein formulation behavior.

The current understanding of how HP a ects agueous solvents, ionic species,
and biomolecular species is reviewed in the present chapter. Pressure e ects on pro-
tein solubility, stability, and phase behavior are also discussed, as well as a summary
of existing HP characterization techniques for structural and mechanical analysis. By
developing structure-property relationships across a range of applied pressures, salt
concentrations, and temperatures, the aims of the dissertation develop a broader un-
derstanding of how pressure e ects on molecular protein behavior correlate to formu-
lation properties, contributing an extensive data set towards building predictive tools

for HP process development.

1.2 Pressure E ects on Aqueous Protein Solutions
1.2.1 Le Chatelier's Principle: Volume E ects of Pressure

The thermodynamic response of any system to changes in pressure can be de-
scribed by Le Chatelier's principle (Avagyan et al., 2020), which states that when a

system is perturbed it will re-equilibrate by minimizing the e ect of the perturbation



Figure 1.1: Applications of high pressure in protein formulation processinga: Cell
disruption using high-pressure homogenization. Reprinted by permission
from Taylor & Francis Group: Prep. Biochem. Biotechnol. An overview
of cell disruption methods for intracellular biomolecules recovety T.A.
Gomeset al. Copyright 2020 (Gomes et al., 202®: High-pressure inac-
tivation of tumor cells for vaccine manufacturing. Reprinted from Yaret
al. Oncology ReportgYan et al., 2021) with permissions under the terms
of the Creative Commons CC-BY-NC-ND license for open access articles
Copyright Spandidos Publication2021. c: Non-thermal sterilization via
high-pressure disruption of microbial species. Reprinted by permission
from Springer Nature: Food Sci Biotechnol Microbial inactivation by high
pressure processing: principle, mechanism and factors responsibieR.
Sehrawatet al. Copyright 2021(Sehrawat et al., 2021)



(Akasaka, 2015). For an applied pressure, the response with constant temperature

T is a change in volume and can be written as

@G _
@ ; - VTot (1-1)

G is the Gibbs free energy and Vr; is the volume change. As a system at constaRt
and T will minimize G(T;P), an increase in pressure will drive the system to reduce its
volume. This relationship plays a fundamental role in how pressure in uences protein
solution behavior, as all components of the solution experience this thermodynamic
driving force to reduce their molecular volume. The following sections discuss the

e ects of this driving force on solvent behavior, ionic species, and protein stability.

1.2.2 Aqueous Solvent Behavior Under High Pressure
1.2.2.1 Water Behavior and Phase Diagram

Protein behavior in aqueous solutions, including those studied in this disserta-
tion, is largely driven by the nature of the surrounding solvent molecules. Water, a
highly polar molecule, is very e ective at self-interactions (Smeller, 2022), resulting in
an extensive hydrogen bonding network. When bulk water is pressurized, following the
phase diagram in Figure 1.2, the initial e ect is a bending or softening of hydrogen
bonds without yet disrupting the tetrahedral structure of the bulk water (Sahle et al.,
2013; Cho et al., 1999a). The solid-liquid transition line slopes positively to the left at
low pressures. This anomalous property stems from the unique tetrahedral structuring
(Cho et al., 1999a) and has interesting implications for suppression of ice formation
under pressure; for instance, pressure can be utilized to maintain a solvent liquid at
sub-zero C temperatures (Berger et al., 2022). It is worth noting that near 200 MPa,
the slope of the solid-liquid transition line reverses. This corresponds with a reversal
in water compressibility observed in the proximity of this pressure, and in turn the

reversal of some pressure e ects on liquid properties including viscosity (Grigera and



McCarthy, 2010). The measurements in this dissertation were performed near ambient
temperatures, as marked by the gray region on the phase diagram.

In contrast to other liquids under pressure (Couch and Binding, 2000; Tanaka
et al., 1987), the viscosity of ambient temperature water decreases slightly up to
50 MPa (Ferst et al., 2000) before the trend reverses with increasing pressure. At
refrigerated temperatures, the inversion occurs closer to 200 MPa. This inversion of
the pressure response is due to initial resistance of the tetrahedral structure at lower
applied pressures. As increasing pressure is applied, the tetrahedral molecular structure
is distorted, signi cantly hindering hydrogen bonding between molecules. This allows
the bulk liquid to compress to eliminate void volume within the structured regions,
following Le Chatelier's principle. The e ect at larger pressures is now an increase in
viscosity. In the pressure range studied in this dissertatior<(400 MPa) the magnitude
of viscosity increase for pure water is relatively small, but under extreme pressures of
700 MPa - 1000 MPa at which non-thermal sterilization is performed the viscosity e ect
can exceed 10-20% (Horne and Johnson, 2002). Deuterium oxide or heavy water, used
extensively in the dissertation as a solvent for globular protein formulations, displays
similar trends under pressure (Cho et al., 1999b,a). The deuterium bonding network
in D,0 is weaker than the hydrogen bonding network in O, and D,O is both more
viscous and a less e ective solvent than D at equivalent temperature. A thermal
o set of several degrees, however, shifts the qualitatively similar trend to overlay with
that of water, and the pressure e ects observed for water apply to deuterated water as
well (Cho et al., 1999b).

1.2.2.2 Electrostriction of lonic Species

When ionizable species dissociate in solution, local solvent is compressed in the
proximity of the ionic charge (Kitamura and Itoh, 1987). This mechanism is called elec-
trostriction and is highly favorable upon pressurization due to the reduction in partial
molar volume. Electrostriction is quite relevant for biological preparations, which usu-

ally contain at least small quantities of ionizable bu er species to maintain solution pH



Figure 1.2: The pressure-temperature phase diagram of water, adapted from
(Smeller, 2002). The liquid phase and known solid (ice) phases are la-
beled. The dashed line shows the melting curve for deuterium oxide
(D,0). The gray shaded area is the solution space explored in the dis-
sertation. Reprinted by permission from Elsevier:Biochim. Biophys.
Acta Protein Struct. Mol. Enzym. Pressure-temperature phase diagram
of biomoleculesby L. Smeller Copyright 2002.



within a desirable range. As pressure-induced electrolyte dissociation can shift con-
centrations of protons ([H]), maintaining a stable solution pH at high pressure can
be challenging for bu er species with large ionization volumes (Galazka and Ledward,
1996). The ionization volume V of several common biological bu ers, compiled in
Table 1.1, show the importance of choosing a good pressure-friendly bu er. From sim-
ilar tables, one can identify bu ers for which the ionization e ect is negligible across
the desired pressure range, and therefore the solution pH is expected to vary negligibly
as well. High-pressure measurements on pressure-unfriendly bu ers are possible, but
require care that the induced change in solution pH is within the stability limits for
the protein of interest (Akasaka, 2015; Gomes et al., 2021; A eck et al., 1994; Charlier
et al., 2018). The HP studies in this dissertation on ovalbumin behavior use phosphate
bu er at neutral pH for comparison with prior investigations (Dumetz et al., 2008;
Greene et al., 2015). The pH change across the measured pressure rangé00 MPa)

is expected to be less than one pH unit (Quinlan and Reinhart, 2005).

Table 1.1: Pressure e ects on common biological bu ers

Bu er name pKa (25 C) pHrange V (ml/mol) Reference
Acetate 4.76 3.6-5.6 -11.2 a
Bis-Tris 6.50 5.8-7.2 +3.1 b

MES 6.10 5.5-6.7 +3.9 b
MOPS 7.15 6.5-7.9 +4.7 b
Imidazole 6.95 6.2-7.8 -2.0 a
Phosphate (dibasic) 7.20 5.8-8.0 -23.8 a
HEPES 7.48 6.8-8.2 +9.4 b
TRIS 8.06 7.5-9.0 +1.0 a

a Values are taken from (Galazka and Ledward, 1996).
b Values are taken from (Kitamura and Itoh, 1987).



1.2.3 Protein Solution Behavior Under High Pressure

The volume of a protein can be divided into three componentSVaomic , the
atoms of the protein itself, which are incompressibléy,.iq, void space within internal
cavities of the folded protein structure; andVhygraion , the layer of bound waters in
the hydration shell (Smeller, 2022). The protein's primary structure is una ected at
pressure less than 1 GPa, and therefore the major e ects observed in the relevant
pressure range for protein formulation processing are on the tertiary and secondary
structures. Moderate pressures at which the protein remains conformationally stable
largely in uence the tertiary structure of protein complexes and the hydration layer,
while larger pressures a ecting secondary structures lead to an unraveling of the protein
folded structure. The following sections describe the e ects of moderate pressures on

protein solubility and extreme pressures on protein conformational stability.

1.2.3.1 Native Aggregation: Solubility E ects

As described in Section 1.2.1, high pressure favors a reduction in volume. With
proteins present in solution, the behavior of bulk water under pressure varies signif-
icantly from water near the protein surface (Russo et al., 2017; Pattni and Heyden,
2019). Molecular dynamics simulations, in which the system pressure and other envi-
ronmental parameters can be systematically controlled, suggest that protein hydration
is strongly impacted by applied pressure through changes in density. At ambient pres-
sure, waters in the protein hydration shell display a relatively high density and a higher
level of structuring as compared to bulk waters due to interactions with the protein
surface (Ku el and Zielkiewicz, 2012; Zhang et al., 2012; Parmar and Muschol, 2009).
Protein-water interactions disrupt the tetrahedral ordering of water and remove these
waters from the hydrogen bonding network of the bulk solvent. As pressure increases,
both bulk waters and protein hydration waters exhibit an increase in density. The
density of the bulk water increases faster with applied pressure, such that pressurized
bulk water begins to resemble the hydration shell. At the same time, structural e ects

on hydration waters in uence the favorability of solvation. The free energy of solvation



per water molecule Ggo, can be expressed as the sum of the enthalpic and entropic

components (Pattni and Heyden, 2019),

Gsov = Hsov T Ssow (1-2)

Many proteins, including membrane metalloproteinases such as MT1-MMP (Pattni and
Heyden, 2019) and some globular proteins such as glucose isomerase (Rai et al., 2021),
maintain their structure and shape over a broad pressure range of several hundred
MPa. If intraprotein atomic positions are assumed to be xed, i.e., the distances
between residues do not vary as a function of pressure, the terms in Equation 1.2 can
be separated into their protein-protein, protein-water, and water-water contributions
and results in the cancelling of protein-protein terms and water-water terms. Therefore,

this expression can be rewritten as

Gsowv= Hiz T Sp (1.3)

where the enthalpic and entropic components Hi, and S;, are isolated for the
protein-water contributions only. This is a more straightforward calculation and can be
resolved for the full protein surface, as well for hydrophobic sites and for hydrophilic hy-
dration sites which interact with surrounding waters. At ambient pressure, Ggoy 0

or > 0 for hydrophobic sites and Gg,, < 0 for hydrophilic sites. This is expected, as
solvation should be favorable only at the hydrophilic sites. As pressure increases, the
entropic and enthalpic responses for hydrophobic residues are balanced, an@gqy
remains largely unchanged. Hydrophilic residues, on the other hand, display an in-
creasing (less negative) Gso With applied pressure, indicating that solvation is less
favorable. Speci cally, the unfavorable change in the enthalpic component outpaces
the favorable change in the entropic component. The Gy, proles in Figure 1.3
demonstrate that the net e ect of pressure on overall solvation favorability is driven

by the decrease in hydrophilicity, and solvation becomes less favorable with increasing
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Figure 1.3: Solvation free energies per water molecule in a protein hydration shell,
as a function of proximity to a: the full protein surface,b: hydrophilic
side chains, andc: hydrophobic side chains from simulations performed
with equilibrium pressures from 1 bar-5000 bar. The inset panels show
deviations from 1 bar (Pattni and Heyden, 2019). Reprinted (adapted)
with permission from V. Pattni and M. Heyden, "Pressure e ects on
protein hydration water thermodynamics",J. Phys. Chem. B2019, 123,
6014-6022. Copyright 2019 American Chemical Society.

pressure. As pressure simultaneously minimizes structural di erences between the hy-
dration layer and bulk water, water molecules begin to leave the protein surface and
depopulate the hydration shell, such that protein solubility decreases.

A decrease in protein solubility has been extensively correlated in the literature
to an increase in protein-protein interactions, largely in the presence of salt (Dumetz
et al., 2008; Dahal and Schmit, 2018; Coen et al., 1995) and with decreasing temper-
ature (Beck et al., 2021; Sibanda et al., 2023). Therefore, for systems where protein
solubility decreases with increasing pressure, protein-protein interactions are expected
to be more prevalent. If protein surface residues are exposed and capable of bind-
ing, the weakening of hydrophilic protein-water interactions can allow for hydrophobic

interprotein interactions, potentially leading to bulk native aggregation.

1.2.3.2 Protein-Protein Interactions
Protein interactions under dilute solution conditions are quanti ed in this dis-

sertation by the second osmotic virial coe cientB,, de ned by the virial equation of
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state for osmotic pressure as (Quigley and Williams, 2015; Woldeyes et al., 2019)
kB—T:Cp+52C|§+::: (14)

where is the osmotic pressure,Cp is the protein concentration, andkg is the Boltz-

mann constant. B, is typically converted to units of mass and volume as

(1.5)

with N, as Avogadro's number andM, as the protein molar mass. For a comparison
between di erent protein systems,B,, is often normalized by the value for a non-

interacting hard sphere,B}5, to yield a reduced second osmotic virial coe cient as

B22
b= ghs (1.6)
22

b, provides a useful measure of relative protein-protein interactions and is used
in this dissertation to compare the e ects of pressure on protein solution behavior be-
tween conditions and systems. Negative values bf are associated with net repulsive
interactions, resulting in well-dispersed proteins as depicted on the left-hand side of
Figure 1.4. As protein solubility decreases, protein-protein interactions become more
net attractive, such that b, becomes negative. This behavior is observed for some
proteins, including ovalbumin (Galazka and Ledward, 1996; Galazka et al., 2000) and
lysozyme (Berger et al., 2023), for which protein interactions become increasingly net
attractive with applied pressure. As net attractive interactions grow stronger and pro-
tein solution stability decreases, shifts in macroscopic phase behavior are expected as
illustrated (Figure 1.4). Pressure e ects under concentrated conditions, where molec-
ular crowding begins to play a role in solution behavior, were not measured in the
dissertation and are beyond the scope of this work, but have been shown to display
di erent high-pressure e ects on the interaction potential (Winter, 2015; Moller et al.,
2012).
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Figure 1.4: The e ects of colloidal stability on protein solubility, ranging from high
solubility in well-dispersed protein solutions to a loss of solubility as
aggregates begin to form.

1.2.3.3 Nonnative Aggregation: Conformational E ects

Pressure-induced protein unfolding was the subject of the rst high-pressure
protein experiment, performed more than a century ago by Bridgman (Bridgman, 1914)
by coagulating ovalbumin with 600 MPa of applied pressure. Bridgman demonstrated
in this seminal work that pressure can signi cantly perturb the folded structure of
biomolecules. Despite the long subsequent series of high-pressure unfolding studies,
predicting the unfolding behavior for a particular protein remains a challenge. The
magnitude of pressure and length of pressure holding time required for unfolding varies
signi cantly between proteins (Tedford et al., 1999; Gomes et al., 2021; Mint et al.,
2020; Peran et al., 2019). The protein's primary structure remains una ected even at
pressures of several hundred MPa. Partial or full unfolding are perturbations of the
secondary and tertiary structures.

Le Chatelier's principle drives the elimination of void volume in the protein
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Figure 1.5: Pressure-induced unfolding of the protein tertiary structure. Moder-
ate pressure forces water (red spheres) into the internal cavities of the
folded structure, while higher pressure completely unfolds the protein.
Reprinted from Silva et al. Chemical ReviewgSilva et al., 2014) with
permissions under the terms of the StandardCS AuthorChoice license
for open access articles. Copyright American Chemical Society.

structure. As the protein structure in Figure 1.5 is compressed by moderate pres-
sures, intermediate states can form where the hydration layer becomes more dense and
water molecules begin to penetrate internal cavities such as hydrophobic pockets. In
the second scenario, solvent disrupts hydrophobic interactions between newly exposed
residues and hydrates them. As pressure is increased, a threshold is reached at which
the protein structure is completely unfolded and secondary structures are perturbed.
Pressure-induced unfolding has been shown in many cases to be reversible (Roche
and Royer, 2018; Dubois et al., 2020; Vajpai et al.,, 2013). Despite this key aspect
of pressure-induced unfolding, combinations of pressure and other formulation or pro-
cess strategies may result in irreversible conformational e ects and therefore must be
examined to ensure conformational stability when required. Through spectroscopic sec-
ondary structure analysis (Section 2.5) and scattering-based tertiary structure analysis
(Section 2.3.2.3), the globular protein ovalbumin studied in the dissertation is shown
to maintain its folded structure across the range of salt concentrations and pressures
studied, even after pressure treatment in the presence of high salt concentrations (see

Appendix B, C).
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1.3 Pressure E ects on Protein Phase Behavior
1.3.1 Pressure-Induced Gelation & Phase Separation

HP processing of proteins can reduce solubility or perturb the folded structure
enough to induce large-scale aggregation. Gelation behavior has been observed across
a number of protein systems in pure solvent (Moron et al., 2022; Ngamlerst et al., 2022;
Koseki and Taihei, 2010; Keenan et al., 2001), in the presence of various salts (Zhao
etal., 2018; Ma et al., 2012), and across temperatures (Katzav et al., 2020; Osaka et al.,
2008; M Dumoulin, 1998). Protein gelation occurs when proteins become su ciently
destabilized in solution to undergo dynamical arrest. Gels are non-equilibrium, noner-
godic phases, such that their time-averaged behavior and ensemble-averaged behavior
are not equivalent (Sche old et al., 2001). Pressure-induced, thermal, and salted-out
gels are examples of physical gels, for which bonds form due to physical interactions
and can reversibly break and reform (Zaccarelli, 2007). This stands in stark contrast
to chemical gels, which form by irreversible alterations to the protein structure via
chemical reactions. The gelatin gels in Chapter 5 and the ovalbumin gels in Chapter
6 are all physical gels, and therefore the discussion here will be limited to physical
protein gelation.

Due to limited availability of in situ rheological tools (see Section 1.4), much
of the current literature on pressure-induced gelation highlightex situ di erences in
mechanical behavior between pressure-induced gels and thermal gels or salted-out gels
with varying bu er compositions. The rheological pro les of pressure-induced and
thermal potato protein isolate gels in Figure 1.6, for instance, highlight the relatively
weak mechanical behavior of pressure-induced gels (Katzav et al., 2020) and the op-
posite pressure e ects under acidic and neutral bu er conditions. At pH 3, below the
isoelectric point of 5:1, both increasing temperature and increasing pressure result
in a stronger gel post-treatment. Pressure is the more mild treatment, with 500 MPa
of applied pressure producing an equivalent rheological pro le to 5&. At pH 7, how-
ever, pressure has the opposite e ect on the gel mechanical strength and a weaker gel

is formed with larger applied pressure, with the highest pressure failing for induce a
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detectable gel, while the temperature e ect is consistent with the pH 3 gel behavior.
This discrepancy highlights that pressure and temperature e ects on gel properties can
be additive or orthogonal depending on formulation conditions, and therefore are not
easily predictable without experimental evidence.

In situ HP capabilities are more advanced for scattering-based methods, and a
handful of HP studies have been performed to extract pressure-induced gelation dy-
namics in concentrated protein solutions. For example, scattering invariants from HP
X-ray photon correlation spectroscopy (HP-XPCS) on dense lysozyme solutions reveal
that pressurized solutions rst reach a liquid-liquid phase separation (LLPS) boundary
near 70 MPa without dynamic arrest (Moron et al., 2022). Further pressurization up
to 120 MPa leads to a gradual increase in nonergodicity as characterized by a second
emerging relaxation mode in the correlation function. Similar lysozyme gelatin dynam-
ics have been reported from HP dynamic light scattering (HP-DLS) (Kohlbrecher et al.,
2007) at lower concentrations 50 mg/ml, for which the onset of a second relaxation
mode in the correlation functions beyond 450 MPa. The cross-validation between two
di erent methods highlights that protein gelation can occur with or without phase sep-
aration, depending on the protein concentration and type of intermolecular attraction
(Eberle et al., 2011), and further suggests that more situ HP formulation studies
and better screening tools are required to identify patterns in pressure-induced gelation

mechanisms and in gel properties.

1.3.2 Pressure-Dissociated Protein Dense Phases

Pressure e ects on existing aggregates, following Le Chatelier's principle as well,
are typically a dissociation of loosely packed structures to optimize the volume distri-
bution. This dissociation behavior has been demonstrated across length scales, from
oligomers and clusters to microgel particles and LLPS droplets (Gillilan, 2022; Silva
et al., 1989; Mishra and Winter, 2008; St. John et al., 1999; Cinar et al., 2019).

HP has been demonstrated, for instance, to breakup-globulin droplets with

relatively mild applied pressures required (Cinar et al., 2019). The droplets in Figure
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Figure 1.6: Elastic modulus GY! ) of 10% w/w potato protein isolate gels at pH 3
and pH 7. a,b: Thermal gelation at pH 3 and pH 7 across a range of
temperatures (90 C, 60 C, 55 C, 50 C, 45 C). c: Pressure-induced
gelation at pH 3 and pH 7 after pressure treatment at 300 MPa, 400 MPa,
or 500 MPa. d: Comparison between pH 3 gels formed after pressure
treatment at 500 MPa and heating to 60 C or 55 C. Figuresa-d are
reprinted from Katzav et al. Foods(Katzav et al., 2020) with permissions
under the terms of the Creative Commons CC-BY license for open access
articles. Copyright Multidisciplinary Digital Publishing Institute.
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1.7 dissolve back into solution by either increasing temperature to 4@ or increas-

ing pressure to 60 MPa, but the driving forces are not equivalent. Heating reverses
LLPS by decreasing protein-protein net attraction and improving solubility (Sibanda

et al., 2023). Pressurization disintegrates droplets by optimizing the ine ciently packed
structures, which are less favorable at elevated pressure, to eliminate void volume in
the dense phase. As a result, reentrant phase separation occurs at higher pressures at
which strong protein-protein attraction drives the formation of more optimally-packed
dense droplets. Reentrant LLPS at HP has been observed for a handful of distinct pro-
tein species (Cinar et al., 2018; Moller et al., 2014) at pressures less than 200 MPa. A
second key di erence is that the pressures required for droplet dissolution are far from
the unfolding pressure of -globulin (> 600 MPa), while the temperatures required in-
duce measurable and irreversible conformational e ects. This di erence positions HP
as a promising option for suppressing phase separation, for instance, in dense antibody
drug formulations or antibody-rich foods such as milk for which solution stability is
required without compromising protein functionality.

Solid protein clusters have also been shown to dissociate under HP. Casein
proteins aggregate into dense nanoclusters in the presence of calcium in skim milk,
forming micelles in solution and providing visual turbidity (Younes, 2017; Bhat et al.,
2016; De Kruif et al., 2012). At low pH or high temperature, the micelles aggregate
into a gel network and form the basis of yogurt. Under HP, however, the opposite trend
is observed and the micelles are dissociated. Timesitu HP turbidity pro les in Figure
1.7c-g indicate that the scattering of light decreases with applied pressure across the
range of temperatures and pH studied (Orlien et al., 2010). Smaller particles are known
to scatter less preferentially in the forward direction, and therefore the decrease in
turbidity correlates with a decrease in the average particle size in solution. The change
is more pronounced at high temperature, where the micelle structure is stabilized and
the initial turbidity is higher. The dissociation of micelles is accompanied by a release

of calcium and casein protein into the solution, and the slight uptick in turbidity
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beyond 400 MPa arises from the onset of pressure-induced gelation. Similarly to
globulin droplets, pressure-induced casein gels have a more dense structure than acid-
induced or heat-induced gelled micelles. Careful control through sequential changes in
pressure, temperature, or pH are potentially useful for tuning the properties of protein

formulations containing phase separated protein solids.

1.4 Existing Capabilities for  In Situ High Pressure Characterization

The building of robust predictive models for HP protein behavior has largely
been hindered by a lack of available characterization tools for observiimgsitu pressure-
responsive behaviors. Despite this, recent advances in HP characterization methods
for structure and rheology have enabled a rapid expansion of the available library
of HP data, with some of the recent developments highlighted in Table 1.2. High-
pressure scattering methods, for instance, provide access to the pressure e ects on pro-
tein conformational stability, as well as clustering or aggregation due to a loss of protein
solubility. Small-angle X-ray scattering (SAXS) is well-suited for HP measurements,
requiring small sample volumes and enabling fast pressure ramps (Rai et al., 2021),
and HP-SAXS is a good tool for exploring the pressure-sensitivity of protein molecular
behavior. However, a key challenge with biological SAXS is radiation damage, which
can present similarly to pressure-induced aggregation in scattering patterns (Hopkins
and Thorne, 2016). Adaptations of small-angle neutron scattering (SANS) to HP cir-
cumvent this challenge by using a non-destructive scattering method, although at the
expense of more complex pressure equipment (Teixeira et al., 2018; Wood et al., 2018).
Required sample volumes are also increased, and sample must be injected into the pres-
sure cell after assembly. HP-SANS, despite these additional complications, has enabled
the screening of interesting aggregation behaviors under HP (Jackson and McGillivray,
2011, Berger et al., 2022; Osaka et al., 2008; Gomes et al., 2021). SANS has also been
combined with spectroscopic measurements under HP, with light-scattering as another

non-destructive method for protein characterization (Kohlbrecher et al., 2007).
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Figure 1.7: a,b: Optical micrographs of 80 mg/ml -globulin, with a similar dis-
sociation of dense protein droplets upon heating to 40C at ambient
pressure or pressurizing to 600 bar (60 MPa) af = 20 C (Fetahaj
et al., 2022). Reprinted from Fetahajet al. with permissions under the
terms of the Creative Commons CC-BY-ND license for open access ar-
ticles. Copyright Fetahaj. c-g: In situ turbidity of reconstituted skim
milk powder in water up to 500 MPa across a range of temperatures (5
C -40 C) and pH (5.5-7.5). A decrease in turbidity across all samples
with applied pressure indicates casein micelle dissociation (Orlien et al.,
2010). Reprinted (adapted) with permission from Elsevierd. Dairy Sci.
Casein micelle dissociation in skim milk during high-pressure treatment:
e ects of pressure, pH, and temperaturdoy V. Orlien et al. Copyright
2021.
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Table 1.2: Examples of current HP characterization tools for structure and rheology
of protein formulations.

Method Pvax (MPa) T ( C) Vmin (ML) Reference
SAXS 400 0-80 0.04 (Rai et al., 2021)
SANS 350 -20-65 3.5 (Teixeira et al., 2018)
SANS 600 4-90 0.14 (Annighefer et al., 2019)
SANS 350 RT 50 (Wood et al., 2018)
SANS/DLS 500 4-80 1.3 (Kohlbrecher et al., 2007)
Viscometry 700 20 z (Marjanovioc et al., 2011)
Rheology 13.8 -10-300 9.5 (Chen, 2006)
DWS 207 RT 4 (Dennis et al., 2020)

Y The limits for temperature control are not speci ed in (Marjanovioc et al., 2011).
Z The required sample volume for the HP rolling-ball viscometer is not specied in (Mar-
janovioc et al., 2011).

Limited advancements have been made in developiitg situ high-pressure rhe-
ology capabilities. A commercially available pressure cell for oscillatory rheology (TA
Instrument, New Castle, DE) provides a sealed environment in which to perform pre-
cise pressure-temperature control during rheological measurements (Chen, 2006). The
major drawback of the setup are the limited pressure range (13.8 MPa), far below the
pressure range of interest for proteins. The pressure cell also requires nearly 10 mL of
sample. A more recent rolling ball viscometer (Marjanovioc et al., 2011) extends the
accessible pressure ranges extends to 700 MPa. However, while rolling ball viscometers
typically require very little sample (1 mL), pressurization is achieved by compress-
ing a piston lled with sample as the working uid and therefore the required sample
volume for the HP viscometer is increased. The viscometer is also unable to access
complex phase behavior under pressure, such as gelation, and temperature control is
not demonstrated beyond near-ambient temperatures. The required sample volume
can be reduced by using a di erent working uid isolated from the sample by a separa-
tor through which applied pressure is transmitted. A recently developed high pressure
di using wave spectroscopy (HP-DWS) microrheology instrument provides accessito

situ rheological behavior up to 207 MPa with a reduced sample volume requirement of

21



4 mL, employing a separator between the sample-side and working-side (degassed wa-
ter) segments of the instrument. Microrheology, as described in detail in Chapter 2, is
a passive light-scattering based technique which does not require physical access to the
sample, and therefore provides unique advantages for rheological measurement under
HP conditions. The HP-DWS pressure cell is similar in design to HP-SANS pressure
cells (Teixeira et al., 2018; Wood et al., 2018). The major advantage of the HP-DWS
setup is access to rheological moduli under relevant pressures for protein formulation
processing, which is not achievable with the other HP rheology environments discussed
here.

Despite the signi cant capabilities of existing methods, there are clear gaps
in the measurable HP phase behavior of protein formulations. None of the current
methods, for instance, provide access to the rheological behavior of gelled phased under
pressure, for whichex situ investigations suggest interesting behaviors between 100
MPa - 300 MPa for di erent proteins (Kulisiewicz and Delgado, 2009; Katzav et al.,
2020; Keenan et al., 2001). In addition, none of the rheological methods presented here
demonstrate the capability of both access to the relevant pressures and ne temperature
control. Finally, there is strong interest in combining analytical methods for correlation
of multiple material responses into structure-property relationships (Kohlbrecher et al.,
2007). The research in this dissertation seeks to contribute to these gaps by developing
and upgrading existing HP instrumentation, as well as proposing a sample environment

design for simultaneous structure-rheology investigations under HP.

1.5 Dissertation Overview and Organization

As a result of these shortcomings in the current literature, the overall goal of the
dissertation is to strengthen the available HP protein data set by building relationships
between structure, rheology, and phase behavior of protein formulations under high
pressure. This goal is addressed through two routes. First, this work is motivated by
the clear gap in available HP protein data in the literature and therefore contributes

an extensive, multi-length scale data set across a wide range of applied pressures,
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Figure 1.8:

Several current characterization tools for structural and rheological mea-
surements under HP.a: A McHugh-type pressure cell for HP-SANS
(Teixeira et al., 2018). Reprinted (adapted) with permission from Sage
Publications: J. Neut. Res. High pressure cell for Bio-SANS studies
under sub-zero temperatures or heat denaturing conditiortsy S.C.M.
Teixeira et al. Copyright 2018. b: An HP rolling-ball viscometer (Mar-
janovioc et al., 2011). Reprinted from Marjanoviet al. with permissions
under the terms of the Creative Commons CC-BY-ND license for open
access articles Copyright Mljekarstvo. c: The TA Instruments high-
sensitivity pressure cell (Chen, 2006) attachment for the AR-G2 stress-
controlled rheometer (Ahuja et al., 2021). Reprinted (adapted) with per-
mission from Elsevier:Adv. Coll. Inter. Sci. Advances and challenges
in the high-pressure rheology of complex uidby A. Ahuja et al. Copy-
right 2021. d: A McHugh-type pressure cell for HP-DWS (Dennis et al.,
2020). Reprinted (adapted) with permission from AIPJ. Rheol. Design,
operation, and validation of a microrheology instrument for high-pressure
linear viscoelasticity measurementdy K. Dennis et al. Copyright 2020.
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temperatures, and salt concentrations. As described above, protein formulation control
is a careful balance of numerous chemical and physical parameters, and knowledge
of both formulation properties and the underlying molecular behavior is required for
building robust models connecting the two length scales. Therefore, the research in
this dissertation applies a variety of characterization approaches, ranging from mapping
molecular interactions to screening of bulk uid phase behavior, and correlates data
across length scales to inform the molecular origin of macroscopic phase transitions.

Second, this work seeks to improve the predictive capabilities of HP characteri-
zation tools by connecting existing methods in innovative ways and by developing new
analytical methods. The lack of HP protein data discussed here is in large part due to
the limited tools available. The dissertation demonstrates on multiple occasions exper-
imental approaches which push current characterization techniques to their operating
limits, such as the high-salt contrast limitations for spectroscopic approaches or probe
size limitations for microrheological measurements. In addition to demonstrating the
true limits of these methods, the research in the dissertation actively develops new char-
acterization tools and enables measurement of HP protein behavior under conditions
which have not been previously measured. Leveraging existing and readily available
equipment to upgrade existing methods, such as the addition of heat control to a
pressure cell using a ordable and customizable components or a streamlined operating
protocol to improve reproducibility of HP sample loading, increases both the accessible
phase space and the throughput of HP characterization approaches. In addition, the
cross-validation of data from orthogonal characterization approaches further improves
the e ciency of HP protein formulation screening. The use of these strategies through-
out the dissertation strongly supports the building of structure-property relationships
and serves as a road map for optimized HP formulation screening in the future, with
large implications for the acceleration of HP protein characterization studies.

The content of Chapter 2 is a summary of the molecules of interest and the wide

range of scattering-based, spectroscopic, and rheological characterization approaches
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applied in the dissertation. Relevant theory is discussed in particular for scattering-
based characterization of protein-protein interactions and microstructure, and a sig-
ni cant portion of the chapter describes the recommissioning and modi cation of the
high-pressure microrheology instrument used throughout the dissertation. The work
documented in Chapter 3 is an investigation of the simultaneous e ects of applied
pressure and dissolved salt on ovalbumin molecular interactions with the aim of devel-
oping a combined model to capture the e ects of both parameters. This study, relying
on X-ray scattering data, leads to questions about radiation e ects and holding time
e ects on the protein behavior and directly motivates the use of neutron scattering in
Chapter 4. In addition, the work in Chapter 4 examines the reversibility of pressure
e ects with the aim of separatingin situ e ects during formulation process or manu-
facturing steps fromex situ e ects during transportation and shelf-life. The research
documented in this chapter also bridges the rst connection between molecular protein
behavior and macroscopic properties by comparing predicted and experimentally mea-
sured solution viscosities from multiple characterization methods across a broad range
of salt concentrations and applied pressures.

Structure-property relationships are further explored through the application
of high-pressure microrheology to thermoreversible protein sol-gels in Chapter 5. The
studies are performed by signi cantly extending the capabilities of an existing high-
pressure microrheology instrument (Dennis et al., 2020), adding the capability for rhe-
ological measurement of solid-like formulation behavior and the ability for nen situ
temperature control. In contrast to the work in Chapter 3 and Chapter 4, which seeks
to correlate molecular behavior between a formulation parameter (salt concentration)
and a process parameter (pressure), the research in Chapter 5 explores the orthogo-
nality of two process parameters (pressure and temperature). The major implication
is that temperature and pressure e ects on protein behavior are not equivalent, and
the hypothesis is made that competing mechanistic e ects give rise to a unique mi-
crostructures depending on the pathway between the initial and nal conditions.

Finally, we investigate the pressure sensitivity of salted-out protein dense phases
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through an ex situ scattering-based investigation in Chapter 6. The structure of oval-
bumin dense phases, which precipitate out of solution in the presence of large salt
concentrations (Greene et al., 2015, 2021), is measured before and after pressure treat-
ment to observe irreversible e ects on the structure and phase behavior of the system.
As discussed above, pressure tends to dissociate loosely packed structures of natively
aggregated proteins to reduce the volume of the system following Le Chatelier's princi-
ple, while encouraging the formation of densely packed structures. Therefore, the hy-
pothesis is made that salted-out ovalbumin dense phases will dissociate under pressure
and allow for more optimally packed dense phases to form. The empirical relationship
between pressure and dissolved salt explored in Chapter 3 is then used to attempt
to predict dense phase formation. A summary of the signi cant contributions of this
dissertation is provided in Chapter 7, and several promising opportunities for building
on the research in the dissertation are discussed. Some of this work is currently in de-
velopment, such as the sample environment for simultaneous structural and rheological

measurements discussed in Appendix A.
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Chapter 2
MATERIALS AND METHODS

2.1 Introduction

The content of this chapter describes the experimental methods used throughout
the dissertation. The molecules of interest for the dissertation work are introduced.
The general theory of small-angle scattering and basic analysis methods of protein
solution data are described, with consideration for current high pressure instrumen-
tation for X-ray (SAXS) and neutron (SANS) scattering. Light scattering methods
for particle characterization are also discussed. Circular dichroism (CD) spectroscopy
is also considered. The principles of viscometric and bulk rheological measurements
are included here. The theory and principles of di using wave spectroscopy (DWS)
microrheology are described. The nal section documents the recommissioning of a
high-pressure DWS (HP-DWS) apparatus and its modi cation for measurement of

nonergodic materials within situ temperature control.

2.2 Proteins of Interest

The dissertation investigates two proteins under high pressure: ovalbumin, a
model globular protein, and gelatin, a derivative of the brous protein collagen. For-
mulation conditions were chosen to probe the e ects of pressure on phase behavior in
conjunction with other common solution parameters, such as salt concentration and
temperature. Ovalbumin bu ering conditions were selected to maintain consistency
with prior studies (Greene et al., 2015; Dumetz et al., 2008) for which its behavior
has been rigorously investigated at ambient pressure in the presence of several salt
species. Ovalbumin was additionally analyzed for conformational stability across the

range of pressures and salt concentrations of interest. Gelatin composition was selected
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to achieve rheological moduli at ambient temperature within the operating limits of

DWS as discussed in Section 2.8.4.

2.2.1 Ovalbumin

Ovalbumin is a 45 kDa phosphoglycoprotein composing 54% of protein mat-
ter in hen egg white, with an isoelectric point commonly reported between 4.5-4.8
(Abeyrathne et al., 2013). As a readily available globular protein which can be puri ed
in large quantities (Judge et al., 1995), ovalbumin is a useful protein for the food and
pharmaceutical industries. Of particular interest are its gelling, foaming, emulsifying,
and mild antigenic and immunogenic properties (Chang et al., 2017), (Rostamabadi
et al., 2023). Its primary sequence contains 385 amino acids, folded into an ellipsoidal
shape as discussed in Section 2.3.3.1. The protein contains one disul de bond and four
cysteine sulfydryl groups, which play a large role in dictating its native conformation
(Takahashi et al., 1991).

The rst study of protein behavior under high hydrostatic pressure (HP), re-
ported by Bridgman over a century ago (Bridgman, 1914), demonstrated that pressures
in excess of 600 MPa can unfold the ovalbumin structure and induce coagulation. This
pressure range aligns with the relevant pressure range for industrial HP processing
and positions ovalbumin as an interesting model protein for high-pressure bioscience.
Ovalbumin has also been studied as a test protein for investigating globular protein
behavior in the context of salt e ects (Greene et al., 2015) and temperature e ects
(Delahaije et al., 2019), and a similar approach is taken for pressure e ects in Chapter

3 and Chapter 4.

2.2.2 Gelatin

Gelatin is a degradation product of the brous protein collagen, commonly
sourced from pigs, poultry, sh, and cattle. The Type A gelatin studied in the disser-
tation is produced via acid-hydrolysis, resulting in the dissociation of the triple helical

collagen structure into individual strands (Baydin et al., 2022). Its gelling properties,
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which have been well-studied as a function of temperature and concentration (Netter
et al., 2020; van Otterloo and Cruden, 2016; Osorio et al., 2007), have resulted in its
usage in a broad range of food, pharmaceutical, and nutraceutical products.

This molecule is primarily studied in Chapter 5, where its sol-gel transition is
mapped as a function of pressure and temperature using ansitu high-pressure DWS
(HP-DWS) instrument (Dennis et al., 2020). As the gelling behavior of this molecule
has been extensively investigated via bulk rheology, it is a reliable control for validat-
ing microrheological observations at ambient pressure. Limiteelx situ high pressure
rheological data suggests that gel strength is enhanced by pressurization (Kulisiewicz
and Delgado, 2009). Therefore, gelatin is a useful test material for validating situ
pressure-temperature screening via HP-DWS. The re-commissioning of the HP-DWS
instrument and its modi cation for measuring gel-like behavior within situ tempera-

ture control are described in detail in Section 2.8.6.

2.3 Small-Angle Scattering
2.3.1 General Theory

Small-angle scattering is used to probe material structures from the nanometer
to micrometer length scale (Fournet and Guinier, 1955). A sample of interest is in-
terrogated with a incident beam of X-rays or neutrons, and the momentum transfer,
k, is measured over time with respect to the scattering angle, In the experimental
setup in Figure 2.1, for which many instrument components are omitted for simplicity,
a collimated incident beam passes through apertures with a de ned range of wave-
length  (inversely proportional to energyE) and the beam size. X-rays (typically 3
keV < E < 12 keV or 0.1A < < 0.4 A) scatter o of the electrons surrounding
atomic nuclei, and therefore are more sensitive to heavier atoms with larger electron
clouds (Feigin, 1987). This has important implications for studying proteins in the
presence of salts, as increased salt concentrations decrease the contrast of the SAXS
data. Neutrons (typically 4 A < < 12 A from reactor sources), being of neutral

charge, penetrate through the electron clouds and interact instead with the nuclei of
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the sample atoms. The strength of neutron scattering interactions does not scale with
atomic number, and instead varies randomly across the periodic table. Of note is the
large gap between the neutron scattering length density of hydrogen, which has a large
negative coherent neutron scattering length density, and its isotope deuterium, which
has a large positive coherent neutron scattering length density. This gap provides an
opportunity to measure scattering from dilute protein solutions, for which the molecu-
lar structure is hydrogen-rich, in a deuterated solvent which minimizes the contribution
of hydrogen to the incoherent neutron scattering signal. Deuterated solvents are used
for all scattering data presented in Chapter 3, Chapter 4, and Chapter 6.

All measurements performed in the dissertation are assumed to be elastic, for
which no energy is transferred during the scattering event. Therefore, the scattering

vector, Q, can be determined using Equation 2.1 as

o= 2% sin 5 (2.1)

where is the wavelength of the incident neutrons or X-raysQ is measured in Fourier
space and has units of reciprocal length, with the corresponding real-space length scal-
ing asd =2 =Q . All samples studied in the dissertation are assumed to isotropically
scatter neutrons and X-rays, such that two-dimensional scattering patterns can be
radially averaged to produce one-dimensional scattering intensities of the foin(Q).

Scattering intensities are generally modeled via Equation 2.2

1(Q) = Vi ( )VP(QS(Q) (2.2)

whereV; is the volume fraction of particles with volumeV and ( )? is the scattering
contrast between the sample material and the solvenP (Q) is the form factor, repre-
senting the shape of the scattering particle, an8(Q) is the structure factor, containing
information relating to particle-particle interactions.

In addition to model-based analysis, biological scattering data can be analyzed

using shape-independent methods to provide basic information on the protein size
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Figure 2.1: A generalized schematic of a small-angle scattering experiment, where
many instrument components and the X-ray or neutron wavelength se-
lection and collimation schemes are omitted.

and folding. The following section details the shape-independent methods used for

biological X-ray and neutron scattering analysis in the dissertation.

2.3.2 Shape-Independent Analysis of Protein Scattering
2.3.2.1 Guinier Analysis

In the low-Q limit, the form factor P(Q) can be expanded about powers &
to obtain the common expression derived by Guinier (Fournet and Guinier, 1955)

QZSRS + (2.3)

1(Q=1(0) 1

whereRy is the radius of gyration andl (0) is the zero-angle scattering. This expression,

the Guinier approximation, is usually linearized as

_ Ryqe
In(@)=In(10) -Q @4

such that a plot of In (I (Q)) versus Q? yields a slope 0R5:3 and a lowQ intercept of
| (0). For globular proteins, the Guinier approximation is valid whenQmax Ry < 1:3
and provides a gross size estimate for the molecule of interest. The zero-angle scattering

| (0) can be related to protein-protein interactions (Goldenberg and Argyle, 2014).
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2.3.2.2 Porod Analysis
In the large Q limit, the scattering for any two-phase system with a smooth

interface can be written as (Hammouda, 2010b)

2g
Q* Vv

where S is the surface area and/ is again the volume. Porod analysis is not limited

lim 1@ =2 (2.5)

to smooth interfaces and can be generalized to model the fractal nature of objects and

interfaces without assuming a speci ¢ structure as

1(Q) = % + Background (2.6)

where D¢ is the Porod exponent and A is a scale factor. Small Porod exponents
represent scattering from rigid rodsD; = 1) and lamellae or Gaussian chaindj; = 2).
Exponents between 2 and 3 are observed for mass fractals, such as gel networks, where
the mass fractal dimension is equal to the Porod exponent. Exponents between 3 and
4 are observed for surface fractals, where the surface fractal dimension is de ned as
Ds =6 D; and varies fromDs = 3 (rough) to D¢ = 4 (smooth) as a measure of
surface roughness. The generalized Porod expression can be combined with the Guinier

approximation to produce a Guinier-Porod model (Hammouda, 2010b,a) as

8
< G Q?R2
' B=Q" Q>Q:

The Guinier-Porod model approximates the sample scattering as a series of Porod

2.7)

slopes and Guinier shoulders, characterizing the fractal nature and correlation length
of each level of structuring without assuming a speci c structural form. 3 sis a
dimensionality parameter equal to 3 ¢ = 0) for spherical objects, 2 § = 1) for rods,
and 1 (s = 2) for plates or disks. Q; is the Q-value at which the Porod slope ends and
the Guinier shoulder begins. Additional Guinier-Porod terms can be added to capture

structural parameters across multiple length scales, and a two-level model is used in
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Chapter 6 to obtain fractal densities and correlation lengths of multi-level structuration

in salted-out ovalbumin gel beads.

2.3.2.3 Krakty Scaling
The Kratky plot of Q? 1(Q) versusQ emphasizes scattering at larg€ and

is useful for observing conformational e ects, such as exibility and folding state of
the protein (Ortore et al.,, 2006). Kratky plots of folded globular proteins display

a characteristic Gaussian peak, while unfolded proteins display a plateau. Partially
unfolded proteins show a combination of the two behaviors, with a plateau followed
by a slowly decaying tail. Kratky scaling is sensitive to conformational e ects with

varying solution parameters and is utilized throughout the dissertation to conrm

protein folding across a broad range of salt concentrations and applied pressures.

2.3.2.4 Pair Distance Distribution Functions

While the majority of small-angle scattering analysis in the dissertation is per-
formed in Fourier space oQ-space, data can be converted back to real-space distance
to yield basic information on the molecular structure (Putnam et al., 2007). A Fourier
transform can be applied to scattering data using Equation 2.8 as

Z,
2o Q2 (Q)sm(Qr)
2 2

P(r) = dQ (2.8)

This transform produces a pair distance distribution function, oP(r) function, and
yields information on the distance between pairs of particles in the samplE.(r) func-
tions contain useful information on the scattering particle structure and are sensitive
to oligomerization or aggregation.D s, the maximum spacing in theP(r) function,
roughly estimates the particle size. Rather than applying the transform to experimen-
tal data, the P(r) function is usually t to the scattering intensity pro le using the
inverse of Equation 2.8

Z Dnay sm(Qr)

1(Q)=4 P(r) (2.9)
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Fitting to Equation 2.9 uses the full scattering pro le, rather than just a low-Q portion
of the data, and is often more accurate for determininBq and | (0) than Guinier tting.

A bell-shaped (Gaussian) pro le in the P(r) indicates a globular proteinP (r) analysis
is performed alongside Guinier ts for the ovalbumin solution scattering studies in

Chapter 3 and Chapter 4.

2.3.3 Structural Modeling of Protein Scattering
2.3.3.1 Ellipsoidal Model for Protein Form Factor

For all structural modeling of ovalbumin solution scattering data in the disserta-
tion, a triaxial ellipsoid model (Finnigan and Jacobs, 1971) was assumed to reasonably

model the protein form factor as

3[sin(@Qr) Qrcos@Qr)] 2
(Qr)3

P(Q) = Vi ( Z)% + Background (2.10a)

r’= R2¢’ + Rf 2+ R2g? (2.10b)

where the ellipsoid volumeV, is a function of the polar radiusR, and the equatorial
radii R, and R.. The e ective particle radius r is a function of the ellipsoid radii and

the X-Y-Z projection vectors aree-f-g respectively.

2.3.3.2 Sticky Hard Sphere Model for Protein Structure Factor

Electrostatic interactions between like-charged proteins can lead to a signi cant
net repulsion. As salt is added to the solution, surface charge is screened such that
electrostatic repulsion grows weaker with respect to short-range attractive forces. At
the salt concentrations studied in the dissertation, ovalbumin electrostatic interactions
have been e ectively screened via the addition of ammonium sulfate, and the interac-
tion potential can be modeled as purely attractive. The chosen structure factor model
for ovalbumin solution scattering in the presence of salt is the sticky hard sphere model,

composed of the Ornstein-Zernike equation and the Percus-Yevick closure derived by
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Baxter (Baxter, 1968). The original model describes a square well potential, for which
the well depth is allowed to approach in nity. This characteristic is unphysical and
the form of the potential used in the dissertation is a modi ed version (Menon et al.,

1991) in which a perturbation parameter, is introduced as

= = +) (2.11)

where and are the potential well depth and the hard sphere diameter, respectively.

From this modi cation, the key interaction parameter can be derived as

B= —€exp —— (2.12)

g IS the Baxter stickiness parameter, inversely proportional to the interaction strength,
and U is the magnitude of the potential. The interaction potential is de ned as
8

S

U(r) = U <r< + (2.13)
-0 r +

For purely attractive or 'sticky' proteins, g is related to the reduced second osmotic
virial coe cient b, as (Matsarskaia et al., 2018)
1

b=1 -~ (2.14)

Therefore, knowledge of g correlates directly to the strength of protein-protein in-
teractions, and this relationship is extensively used in Chapter 3 and Chapter 4 to
characterize the e ects of salt concentration and applied hydrostatic pressure on pro-
tein solution behavior.

Ovalbumin is commonly reported to have an ellipsoidal aspect ratio of 2.5
(Greene et al., 2015; laneselli et al., 2010), and therefore, its anisotropic shape must

be accounted for in the structure factor ts. This can be done using the decoupling
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approximation (Kotlarchyk and Chen, 1983), so that an e ective structure factor can

be de ned as

Sert (Q) =1+ (QIS(Q) 1] (2.15a)
jhF (Q)ij *
= 2.15b
(Q) hF (Q)}7 ( )

where S(Q) is the structure factor for a monodisperse isotropic protein solution and
Sers IS the structure factor corrected for non-sphericity. The correction factor (Q)
is a function of the form factorP(Q) = hjF (Q)jzi, where the brackets represent both

ensemble and angular averages of the complex scattering amplitudes.

2.3.4 High-Pressure Small-Angle X-ray Scattering

High-pressure small-angle X-ray scattering (HP-SAXS) brings additional re-
guirements for experimental design beyond those of conventional SAXS (Gillilan, 2022).
As mentioned in Section 1.2.2, the weak pressure sensitivity of aqueous solvents be-
comes signi cant at large pressures. In particular, the compressibility di erence be-
tween the protein and its solvent becomes important at pressures exceeding 100 MPa.
Generally, SAXS contrast is reduced as pressure increases, which results in a loss of
scattering intensity and poses a challenge for the measurement of dilute protein sam-
ples. HP-SAXS data presented in Chapter 3 shows a drop in contrast with applied
pressure, but retains a good signal-to-noise ratio across all conditions.

The high ux of modern synchrotron sources provides the key advantage of
measuring fast processes due to pressure or other perturbations. However, high ux
is accompanied by high incident energies. Due to the sensitive nature of biological
samples, radiation damage is a concern for biological SAXS (Hopkins and Thorne,
2016). Radiation damage largely presents itself as induced aggregation upon extended
exposure to high-energy X-rays. Radiation-induced damage propagates through the
sample with increasing time after the rst exposure and can be exacerbated during

prolonged static SAXS measurements in which the same sample volume is exposed
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repeatedly. While biological SAXS operation typically involves oscillating the sample
(Acerbo et al., 2015) or continuous ow-through (Kirby et al., 2016) to limit the time
and number of exposures for a given sample volume, HP-SAXS is currently limited
to static operation. Strategies to limit radiation damage in static SAXS, such as
time delays (Ando et al., 2008), are not always e ective. Static HP-SAXS sample
environments typically use diamond anvil cells (DAC) or semi- exible Kapton cells for
which high pressures can be rapidly applied to a relatively small sample volume 60
pL), taking advantage of the small beam diameter and high ux to minimize sample
requirements.

In Chapter 3, experiments performed on a high-pressure bio-SAXS apparatus at
the Cornell High Energy Synchrotron Source (CHESS) (Rai et al., 2021) used attenu-
ated X-rays to limit initial radiation damage, and pressure holding times were limited
(5 minutes) reduce the overall exposure time for each sample. This limitation was a
key motivating factor for the use of high-pressure neutron scattering (HP-SANS) in
Chapter 4. The following section describes the key aspects of HP-SANS for biological

studies.

2.3.5 High-Pressure Small-Angle Neutron Scattering

High-pressure neutron scattering (HP-SANS) is increasingly used for biological
studies (Teixeira, 2019). The most obvious advantage for biological SANS over biolog-
ical SAXS is the non-destructive nature of neutrons, allowing for repeated measure-
ments of samples without risk of damage. The major disadvantage is the signi cantly
lower ux of modern neutron sources compared to synchrotron X-rays, requiring long
counting times (hours) to achieve good counting statistics. Therefore, bio-SANS is
best utilized for studying slow kinetic processes, such as time evolution of perturba-
tions and reversibility over the course of hours or days. While pressure itself is applied
instantaneously throughout a sample volume, the e ects of pressure can be kinetically

slow and therefore well-suited to HP-SANS. This fact is taken advantage of in Chapter
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4, where HP-SANS samples are measured at multiple time points relative to pressure
treatment to monitor post-pressurization behavior.

Due to the relatively low ux of neutrons, minimum scattering sample volumes
for HP-SANS tends to be larger (3 mL - 5 mL). The actual required uid volume may
be much higher, depending on the design of the pressurizing system. Current HP-SANS
instruments often use sample as the pressurizing uid, including the HP-SANS instru-
ment (Wood et al., 2018) used in Chapter 4, and may require up to 50 mL of sample for
proper loading. The HP-SANS instrument used in the dissertation feeds sample into
a steel cell via manual injection. Pressure is then applied by either forcing additional
sample into the injection line. Other HP-SANS instruments use a separator between
the sample and an injected working uid, typically ultrapure and degassed water, to
reduce sample volume requirements (Teixeira et al., 2018). The scattering sample vol-
ume is located between two sapphire windows, which transmit 80% of neutrons and
can withstand up to 690 MPa of force in the axial direction. SANS contrast is also
sensitive to compressibility e ects, and SANS contrast of proteins in deuterated solvent
tends to increase with pressure as the solvent density increases. Another signi cant
e ect of pressure on scattering contrast comes from potential displacement of the inset
sapphire windows. Shifting can lead to subtle changes in the scattering sample volume
and therefore can shift scattering intensities vertically.

HP-SANS can be combined with spectroscopic methods (Kohlbrecher et al.,
2007), as light is also non-destructive. A discussion of the high-pressure light scat-
tering setup used for di using wave spectroscopy (DWS) measurements is reserved for
Section 2.8.6. In addition to advanced light scattering methods, conventional light scat-
tering is used throughout the dissertation to supplement information from small-angle

scattering, as described in the following section.
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2.4 Light Scattering
2.4.1 Dynamic Light Scattering

Dynamic light scattering (DLS) is used in the dissertation as a particle char-
acterization technique. A collimated beam of photons is passed through the sample
volume in a similar manner to Figure 2.1, with the exception that the scattered an-
gles are much larger than for SAXS or SANS. DLS is commonly performed at 90r
dilute samples with relatively small particle sizes, such as protein solutions, to im-
prove signal-to-noise ratios (Minton, 2016). Scattering intensities are measured via a
photon detector and uctuations in scattered intensity are converted into an intensity

autocorrelation function as

_ RH@Q@)IQit+ )i
=07 T i@

where | (Q;t) and | (Q;t + ) are the measured scattering intensities at a particular

(2.16)

wave vectorQ and timest andt+ . Q is related to the scattering angle asQ =
4N gin 5 Wwith ns as the solvent refractive index. is the lag time between intensity

measurementsg;(Q; ) can be converted into the eld correlation functiong;(Q; ) as

R(Q; )=1+ jou(Q; )i (2.17)

is the dynamical contrast and is determined from the intercept of the correlation
function at short lag times (Furst and Squires, 2017) such that a normalized correlation
function asg,= 1 spans between the baseline and 1. The correlation function decays
to zero for particles in a uid, but may not decay to zero for particles in arrested media.
For monodisperse particles with a Gaussian size distribution, a cumulant anal-

ysis of g;(Q; ) yields the decay rate (Minton, 2016)

= Q°Do (2.18)

whereDy is the particle di usivity. The particle size can then be estimated using the
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Stokes-Einstein-Sutherland equation

ke T
Rp = 2.1
"= 5 oDy (2.19)

where R, is the hydrodynamic radius of the scattering particlekg is the Boltzmann
constant, T is the temperature, and ; is the solvent viscosity. Equation 2.19 is used
to calculate the particle size in a known solvent or solved for, to determine solvent
viscosity with a known tracer particle size. The rst approach was taken to conrm
the ovalbumin molecular size in Chapter 3 and microrheology tracer size in Chapter
4. The second approach was taken using DWS data to calculate ovalbumin solution

viscosity (see Section 2.8) in Chapter 4 by equating;, to the tracer radius.

2.4.2 Static Light Scattering

Static light scattering (SLS) is used in Chapter 6 as an extension of small-angle
scattering to larger length scales. SLS measures the absolute scattering intensity as a
function of scattering angle, , and can be converted t@Q-space as described previously
(Ramzi et al., 2006). SLS data can then be combined with SAXS or SANS data to
extend the availableQ-range and allow for structural ts across multiple length scales.
In Chapter 6, SLS data is converted td (Q) for combination with SAXS data. The
combined pro les are t to a two-mode Guinier-Porod model following Equation 2.6

to determine the fractal nature and microstructure of salted-out ovalbumin gel beads.

2.4.3 Electrophoretic Light Scattering

Surface charge plays a large role in protein solution behavior. Electrophoretic
light scattering (ELS) is used in the dissertation to monitor the surface potential of
ovalbumin and microrheology tracer particles across the salt concentrations studied.
ELS measures the migration of charged particles by applying an electric eld across
the sample, allowing for determination of the electrophoretic mobility, g, as (Bhat-

tacharjee, 2016)
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(2.20)

Y
=T E
where v is the electrophoretic velocity of the particle andE is the applied electric
eld. ELS is commonly combined with DLS for simultaneous measurement of the
hydrodynamic radius R,. When the hydrodynamic radius is large compared to the
ionic double layer, Smoluchowski's equation can be used to determine surface potential

as

o= —F (2.21)
r o0

where g is the solvent viscosity and, and o are the solvent dielectric constant and the
vacuum permittivity, respectively. If this assumption is not satis ed, Hackel's equation

is instead used to determine an adjusted potentialy as

. (2.22)

T
I
NI W

p OF y is the -potential of the measured particle and represents the average surface
potential of the charged species in solution. Colloidally stable particles have surface
potentials of j ,j > 30 mV (Bhattacharjee, 2016). Many globular proteins, including
ovalbumin, have potentials between 18 j ,j < 20 mV. As salt is added to the ovalbu-
min solutions studied in the dissertation, the protein -potential decreases signi cantly

and is screened by 90% with 200 mM ammonium sulfate.

2.5 Circular Dichroism Spectroscopy

Circular dichroism (CD) spectroscopy measures the secondary structure of pro-
tein samples and is used in Chapter 3 and Chapter 6 to con rm resistance in the oval-
bumin secondary structure to the salt concentrations studied in the dissertation. CD
spectroscopy measures the di erence in absorption between left- and right-circularly
polarized light to probe chiral structures (Green eld, 2006). The spectra in the disserta-

tion were obtained from Dicroweb (Miles et al., 2022) using the CONTINLL algorithm
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(Provencher and Gloeckner, 1981) in terms of mean residues ellipticity (MRE) as a
function of wavelength and compared to the reference dataset SP175 (Lees et al.,
2006) to extract the percentage of -helices, -sheets, and turn or loop structures
within protein folding patterns. Far ultraviolent (UV) was used with a wavelength
range of 190-260 nm. The deviation between the experimental data and the reference

set was quanti ed through the normalized root mean squared deviation (NRMSD) as

S

P 2
NRMSD = |() expt calc)
( calc)2

expt @aNd ¢y are the experimental and reference-calculated ellipticities at each wave-

(2.23)

length , respectively. Smaller values indicate a better match between the experimental
data and the reference data set. For the CONTINLL method, an NRMSD 0.1 is

a good t. As shown in Appendix B, ovalbumin contains 30% -helices and 20-
25% -sheets, with 10% turns or loop structures and the remainder of the structure
as disordered chains. The secondary structure is resistant to salt through the range of
concentrations measured in the dissertation and is supported by folded signatures in
the Kratky plots as described in Section 2.3.2.3. The protein secondary structure is
assumed to be resistant to the pressures studied in the dissertation as well, as Kratky

plots for high-pressure data show a similar folded signature to the high-salt data.

2.6 Capillary Viscometry

A capillary viscometer was used to con rm ovalbumin solution zero-shear vis-
cosities at ambient pressure in Chapter 4. The instrument used was an Ubbelohde-type
capillary (Abbas et al., 2010) in a temperature-controlled bath, for which the sample
e ux time between two markings on the capillary was measured. The kinematic vis-

cosity was calculated as

= Cyleffiux (2.24)

wheretesux IS the e ux time,  is the kinematic viscosity, andCy is the viscometer
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constant for the capillary used (50-B507). To convert to dynamic viscosity,, the
sample densities were determined using a density meter and viscosities were calculated

as

= (2.25)

where is the solution density and was taken as equivalent to the zero-shear viscosity,

0-

2.7 Rheology

Rheology, the study of how materials ow (Wagner and Mewis, 2012), is pri-
marily used in Chapter 5 to investigate gelatin mechanical behavior across its sol-gel
transition. All bulk rheological measurements were performed on a stress-controlled
AR-G2 rheometer from TA Instruments (New Castle, DE), which provides a normal
force resolution of 0.005 N, and used a 40 mm 2one and plate with the addition of a
solvent trap to prevent sample drying. Sample containing microrheological tracers was
loaded onto the pre-heated rheometer stage. The cone truncation gap ofi86 is more
than a factor of 10 larger than the tracer particle size, allowing particles to ow between
the truncated cone tip and the bottom plate. A built-in Peltier allows for heating with
temperature control of 0.01 C. The geometry described was used for oscillatory
shear investigations of gelatin mechanical behavior as a function of temperature, as

described in the following section.

2.7.1 Small Amplitude Oscillatory Shear

Viscoelastic properties of the gelatin sol-gel samples were probed using small
amplitude oscillatory shear (SAOS) rheology. SAOS experiments use small strain os-
cillations to measure the rheological response without breaking the microstructure by
applying small strain amplitudes in the linear viscoelastic (LVE) region (Osorio et al.,
2007). Oscillatory rheology on a stress-controlled rheometer uses a controlled stress to

induce a measured strain in the sample uid (Ewoldt et al., 2015). The top geometry is
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oscillated at a chosen frequency,, and strain amplitude . The strain amplitude was
chosen by identifying the LVE region as discussed in Section 2.7.2 and kept constant
for frequency sweeps as discussed in Section 2.7.3. The time-dependent response of the
material is represented quantitatively byG® the storage modulus, andz% the viscous
modulus. G°and G%represent the solid-like and liquid-like character of the viscoelastic

material.

2.7.2 Amplitude Sweeps

The rst step in performing a SAOS investigation for gel samples is to determine
the linear viscoelastic (LVE) region (Johnson et al., 2019). The strain amplitude sweep
in Figure 2.2 ( = 6:28 rad/s) reveals the large LVE region of the porcine gelatin studied
in Chapter 5 at a temperature several degrees below its gel transitiofiy¢ = 26:7 C
0:2 C). The gel structure is resistant to the oscillations at low strain amplitude, and
both moduli are constant over the low strain region. Beyond a threshold of 100%
strain, the oscillations permanently deform the gel structure and the elastic modulus
collapses. All subsequent SAOS measurements were performedat 10% to ensure

measurement within the LVE region.

2.7.3 Frequency Sweeps

Frequency sweeps measui@® and G®over a range of angular frequencies,.
The identi ed strain amplitude ( was held constant for all frequency sweeps. Gelatin
behaves as an elastic solid below its gel transition temperature, aGd! ) G°! ) with
a GY!) plateau at low frequencies. At temperatures above the gel transition, gelatin
behaves as a viscoelastic liquid witsY! )  G%! ). Near the transition temperature,
the moduli follow nearly identical frequency scaling withG® (1 )  G%(!) 1", At
this condition, the loss tangent tan becomes independent of frequency and the critical

scaling exponentn. is related to the loss tangent as

tan =tan

(2.26)
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Figure 2.2: A strain amplitude sweep of a gelatin gel (mass fraction of 8.25 wt%) at
24 C (Tge = 26:7 C 0:2 C). The high-strain limit of the large LVE
region is shown with a dashed line, beyond whidB° (lled squares) and
G%(open squares) are a ected. The chosen strain amplitude for further
measurements wasg = 10%. The loss tangent tan is also shown (open
stars).

The critical scaling re ects a power law distribution of relaxation times (Winter
and Chambon, 1986; Chambon and Winter, 1987). Ifi. is equal to 0.5, the mod-
uli overlay at all frequencies. The investigation in Chapter 5 extends the accessible
frequency range using di using wave spectroscopy, revealing critical gel behavior at
multiple temperatures and pressures. The following section describes di using wave
spectroscopy and its use in the dissertation for high-pressure viscometry and high-

pressure microrheology.
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2.8 Diusing Wave Spectroscopy

Di using wave spectroscopy (DWS) is a passive light-scattering microrheology
technique which relates the average motion of tracer particles dispersed in the sample
to the rheological behavior of the sample. DWS is used extensively in Chapter 4 and
Chapter 5 to extract viscometric and rheological information within situ high pressure
control. Unlike DLS, which measures the scattering angleof single-scattered light to
observe particle dynamics in a dilute solution, DWS eliminates the need to measure
scattering angle by treating the photon scattering paths statistically (Furst and Squires,
2017; Weitz et al., 1993; Mason and Weitz, 1995). This requires a large number of
scattering events and therefore, DWS is well-suited for highly turbid samples. In such
a sample, photons perform a random walk and the scattered light is treated as a wave.
The following sections describe how DWS accesses rheological information, the limits
of the method, and instrumentation e orts for the high-pressure DWS apparatus used

in the dissertation.

2.8.1 General Equations of Di using Wave Spectroscopy

Di using wave spectroscopy uses the Brownian motion of tracer particles dis-
persed in a sample uid to determine rheological sample properties. Section 2.8.4
and Appendix A discuss some of the design considerations for choosing an appropri-
ate tracer particle. A previously developed high-pressure DWS (HP-DWS) instrument
(Dennis et al., 2020) capable of measurement up to 200 MPa was optimized for the HP
viscosity measurements in Chapter 4 and modi ed for the HP microrheology measure-
ments in Chapter 5. An argon ion laser (Innova 90C-5) was operated in single-frequency
mode with a vacuum wavelength of = 514:5 nm. Multiply-scattered light was col-
lected from a high-pressure cell and a digital correlator was used to measure particle
motion by the intensity autocorrelation function in Equation 2.16, except thatg,( ) is
no longer a function ofQ as multiply-scattered light does not have a single scattering
angle. The Siegert relation in Equation 2.17 can then be applied to determimgg( ).

For the point-source geometry used for HP-DWS measurements in the dissertation and
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Figure 2.3: Schematic of di using wave spectroscopy as measured in the high-pressure
cell with point source illumination and operated in transmission mode.
Incident light is focused to a point on the sample, where photons scatter
through the sample volume with a photon mean free path. Transmitted
light is passed through a linear polarizer to select multiply-scattered light,
and a single speckle is collected by a gradient refractive index (GRIN)
lens mounted to a ber optic detector at an 8 angle to the incident plane.
The detected signal is then ampli ed and passed to a digital correlator.

illustrated in Figure 2.3, gi( ) is related to the mean squared displacement of the tracer
particles, h r?( )i, as (Weitz et al., 1993)

( ) _ (:|I-=b)R(t) A(y) Slnh(y) + e y(1=2z0=L) dy (2 27)
Ik o [A(y)sinh(y) + e Y&=0=L)]dy _
whereR() = " KGh T2( )i and
! 7707 + (sinh(y) + h)) e Y& 2-1)
Ay = YD ove (sinh(y) + y cosh)) e 029

(sinh(y) + y cosh§))? + (y)?
with variable of integration y and = 21 =3L. ko = 2 n s= is the light wave vector
in a medium of refractive indexng, | is the photon mean free pathz, 1:13 is the
ballistic penetration length of photons into the sample, and. = 11:8 mm is the sample

path length in the high-pressure cell.
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2.8.2 Diusing Wave Spectroscopy as a Viscometric Technique

The mean squared displacement of dispersed particlds, r2( )i, is directly
related to the uid viscosity by the Stokes-Einstein-Sutherland equation (Equation
2.19). In three-dimensional spaceh r?(t)i = 6Dot and solving for the zero-shear

viscosity ¢ yields

kg Tt
= 2.29
°7 3 ph r2(t)i ( )
where a, is the radius of the tracer particle. This approach is used in Chapter 4 to
determine HP viscosity behavior. Pressure-dependent uid viscosity can be described

by the Barus equation (Barus, 1893) as

(P)= o€ (2.30)

whereP is the applied pressure and is the pressure-viscosity coe cient, with larger
coe cients denoting a stronger pressure e ect. Most uids exhibit an increase in
viscosity with increasing pressure (Couch and Binding, 2000).

Control data were collected for tracers dispersed in ultrapure water and in a
2-propanol/water mixture (mole fraction of 50%) for which the pressure-dependent
behavior is know (Horne and Johnson, 2002; Tanaka et al., 1987). Normalized cor-
relation functions in Figure 2.4a only slightly shift with pressure for water, while 2-
propanol/water shows a strong shift towards longer decay times with increased pres-
sure. The shape of the decay is constant, suggesting that the uid viscosity is increasing
with constant relaxation mode. Tracer mean squared displacements (inset) also show
minimal pressure e ect in water, while displacements shift downward with applied
pressure for 2-propanol/water. The ! scaling is expected for Newtonian uids (Furst
and Squires, 2017). The calculated viscosities in Figure 2.4b highlight the sensitiv-
ity of DWS to small changes in sample behavior. Water viscosities vary slightly with
pressure, with a minimum viscosity near 50 MPa before a slow increase with increasing

pressure. The observed behavior matches the expected trend (Harris and Woolf, 2004).
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Figure 2.4: Diusing wave spectroscopy data for two control samples across a range
of pressure conditions (up to 200 MPa in increments of 50 MPa.g:
Normalized intensity autocorrelation functions of 0.5 vol% polystyrene
tracers (2a = 0.29 um) dispersed in water at 23.2C 0.4 C (blue)
and 2-propanol/water at 23.9 C 0.3 C (red), with darker colors de-
noting larger applied pressures and remeasured curves at 0.1 MPa post-
pressurization shown in black. Lines are guides for the eye. Inset: Corre-
sponding mean squared displacements of tracer particlds. Zero-shear
viscosities as a function of applied pressure. Error in the viscosity mea-
surements is within 0.1 mPas, smaller than the symbol size. Fit lines
(solid) to experimental data are to the Barus equation.

2-propanol/water mixture viscosities show a monotonic increase with applied pressure,
increasing from 2.6 mPa at ambient pressure to 8.2 mPa at 200 MPa, and also com-
pare well to the expected trend (Tanaka et al., 1987). Both uids recover quickly upon
depressurization. The tted pressure-viscosity coe cient is (842 0:33) 10 2 MPa!

for water at pressures> 50 MPa, a small but non-zero value indicating a slight pressure
dependence which is expected to grow at higher pressures (Frost and Glenzer, 2020).
The tted coe cient for the 2-propanol/water control data is (5 :85 0:11) 103
MPal, slightly smaller than the tted coe cient of (6 :11 0:08) 10 2 MPa! for
reported data at a slightly higher temperature of 25C (Tanaka et al., 1987).
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2.8.3 Diusing Wave Spectroscopy as a Rheological Technique
The mean squared displacementy r?( )i, can also be used to calculate the
frequency-dependent rheological moduli discussed in Section 2.7. A power-law approx-

imation is de ned as (Mason, 2000)

h r2()i h r?(o)i(= o9 (2.31)
with the logarithmic slope

_din(h r2()i)
a( o) = din() ]

(2.32)

0

A Laplace transform is applied to the General Stokes-Einstein relation (Mason, 2000)

to yield the viscoelastic spectrum as (Furst and Squires, 2017)

kg T

R Gl

(2.33)

The parameters are the same as in Equation 2.29. Substituting Equation 2.31 into
Equation 2.33, converting back into the frequency domain, and decomposing into the

elastic and viscous moduli yields

GY!) = jG (1)jsin % (2.34a)
GR!) = |G (1)jcos ag) (2.34b)

The resulting frequency range ofz{! ) and G®! ) depends on the decay behavior of
the correlation function across lag times . Guidelines for choosing an appropriate
range of lag times and the limitations of observable behavior via DWS are discussed

in the following section.
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2.8.4 Experimental Operating Regime

DWS experiments must be carefully designed to access the length scales and time
scales of interest (Furst and Squires, 2017). In relation to other passive microrheology
methods, DWS has the key advantage of detecting extremely small tracer displacements
and therefore characterizing behavior on extremely short time scales. This provides the
ability to measure high-frequency behavior, far beyond the typically accessible range of
bulk rheometry as discussed in Section 2.7 (0.01 rad/s - 100 rad/s). For transmission
experiments, the characteristic length scale can be tuned by choosingsuch that in

transmission mode (Weitz et al., 1989)

It = | =koL (2.35)

If sample path length is variable, adjusting the path length is a simple method for
varying the measured length scale. For a xed path length apparatus, such as the
HP-DWS instrument used in this dissertation, the tracer size and volume fraction
must be carefully chosen such thalt provides access to the desired length scale. The
experiments in this dissertation yield anL=I of 20 and therefore provide access
to length scales ofO(3 nm), approximately 1% of the tracer diameter. Alternatively,
Equation 2.27 can be used to calculate the root mean-squared tracer displacement
h r2()i¥ for 0:05<g,( )= 1< 0:95 as the short time and long time limits of the
correlation function decay. For the xed path length of 11.8 mmh r?( )i*? varies
between 0.4 nm-3 nm. The maximum accessible limits of uid viscosity and mechanical
modulus with the chosen tracer particle size & = 220 nm) are therefore 10 ' Pas
and 10° Pa (Furst and Squires, 2017). The large modulus limit is signi cant and
allows for measurement of strongly elastic samples with appropriate modi cations to
the experiment. The following section discusses the required modi cations to measure

tracer motion in nonergodic media, including gel-like samples.
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2.8.5 Measurement of Nonergodic Media
Typical samples studied via DWS are ergodic, including the protein solutions
studied in Chapter 4, such that the time-average and ensemble-average of tracer particle
con gurations are equivalent (Cai et al., 2021). This is not the case for gel-like samples,
such as the gelatin gels studied in Chapter 5, in which tracer motion is restricted by the
gel network. The result is an invalidation of the Siegert relation in Equation 2.17 and
the experimental observation of a non-zero long-time decay in the correlation function.
The method chosen in this dissertation to account for nonergodicity is mechanical
dephasing (Sche old et al., 2001). A ground glass disk is placed in the incident laser
path prior to the sample (see Figure 2.5) and rotated using a stepper motor to control
the characteristic decay time. A focusing lens (Thor Labs, plano-convex, focal length
= 150 mm) images the disk onto the face of the sample. The composite correlation
function of the sample and the disk is ergodic, allowing for the Siegert relation to be
used. The sample correlation functiogs( ) 1 can then be calculated by normalizing
the composite correlation functiongs( ) 1 by the disk correlation functiong?( ) 1
as:
e() 1
%() 1

The nonergodic sample in Figure 2.6 is the same gelatin composition shown in

[eJiNTe]

B() 1= (2.36)

N

Figure 2.2 (mass fraction of 8.25%), at an ambient temperature of 23 C. The disk
correlation function was obtained using a very sti gel (50 wt% gelatin) such that the
disk decays more slowly than the sti gel and the observed correlation function can
be used as the disk correlation function. After normalizing out the disk correlation
function from the composite correlation function, the resulting gel correlation function
plateaus 0:7. The non-zero baseline indicates that tracer particle motion is not fully
decorrelated even at long times, as expected for a gel. The disk correlation time of
0.1 s is chosen as the lag time cuto. Modi cations of the HP-DWS instrument for

optimized sample loading, measurement of gel-like samples, and temperature control
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Figure 2.5: Schematic of di using wave spectroscopy as measured in the high-pressure
cell with point source illumination and operated in transmission mode,
with the addition of a rotating ground glass disk for measuring nonergodic
media. Light is dephased through the disk and then focused to a point
onto the sample face.

are shown in the following section.

2.8.6 Recommissioning and Modi cation of the High-Pressure Di using
Wave Spectroscopy Instrument
The original design and validation of the HP-DWS instrument used in Chapter

4 and Chapter 5 is previously documented and published (Dennis et al., 2020). The
following section describes the recommissioning of the instrument for protein charac-
terization, including an improved sample loading procedure and careful realignment
of optical and mechanical components. This section also documents two signi cant
upgrades to the instrument: the addition of mechanical dephasing to enable high-
pressure rheology of protein gels, and the addition of temperature control to enable

pressure-temperature screening of protein sol-gel behavior.
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Figure 2.6: Normalized correlation functions of polystyrene tracers @ = 220 nm,
volume fraction of 0.5%) in a gelatin gel (mass fraction of 8.25%), the
rotating ground glass disk, and their composite correlation function. The
lag time cuto is 0.1 s as indicated by the dashed line.
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2.8.6.1 Modied Sample Loading and High-Pressure Cell Assembly Pro-
cedure

The sample loading and assembly procedure was modi ed from the protocol
previously reported (Dennis et al., 2020) in order to decrease assembly time and to
reproducibly prevent leaks during extended pressure holds. The high-pressure cell
(HPC), tee connector, and working side of the piston assembly are individually as-
sembled following the prior protocol (Dennis et al., 2020). The HPC is then loaded
onto the table-top vise in Figure 2.7 and the tee connector is torqued to 25Ibs using
a small torque wrench (Click, 3/8-in drive, Tekton). It is important to ensure the
top 2:75°nipple from the tee connector is upright, and the ¥nipple may be slightly
over-torqued to accomplish this.

Once the tee connector is torqued to the HPC, a syringe adapter is used to
load sample while preventing the introduction of air bubbles. Air in the sample uid
can cause inaccuracies in the pressure read-out at low-to-medium pressures and, once
dissolved in solution, can introduce errors in the scattering measurements. The syringe
adapter consists of a pre- lled 20 mL syringe attached to compound plastic tubing. The
two segments of tubing well- t the syringe aperture and the tee connector nipple with
a tight connection between the segments, preventing sample leakage during injection.
Sample is injected into the tee connector to Il the HPC. When sample is visible in
the top port of the HPC, the plug in Figure 2.8 is tightened into the top port to push
out air and seal the sample- lled HPC before torquing to 25 ftbs. While maintaining
light pressure on the syringe, additional sample is then injected to Il the top nipple
of the tee connector, and the sample-side pressure gauge in Figure 2.9 is attached and
torqued to 25 ftlbs. An adjustable wrench should be used to keep the pressure gauge
facing directly away from the HPC while torquing the connection. The small exit
nipple from the tee connector is now the only open port remaining; the absence of a
second pathway for air to enter the assembly prevents sample from leaking out of the
open nipple, and the nipple can be temporarily sealed with airtight Im to prevent

drying while the piston assembly is prepared. Once the tee connector and HPC have
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