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Abstract. The 2nd biennial International Society for Sample Environment (ISSE) School included training on high pressure (HP) cells for Soft
Matter studies. Neutron research centers are responding to a growing need for HP experimental data, relevant to a broad range of applications
in bioscience, biotechnology and others. The importance of disseminating designs and operating protocols, to support concerted efforts towards
the advancement of sample environment instrumentation across research centers, was repeatedly acknowledged at the ISSE school. The liquid
insertion HP system for SANS, currently used at the NIST Center for Neutron Research for solutions of biological macromolecules, is described
here. Emphasis is placed on the context of subzero temperature studies and the design challenges. The current model of the HP system – HP
up to 3.5 kbar and −18°C < T < +80°C – uses sample volumes of 2.7 ml to cover an accessible q-range of 0.001–0.6 Å−1.
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1. Introduction

High pressure (HP) can be used to study phase behavior, molecular structure and dynamics under different
sample environments [6,12,35,43,50]. Recent developments [33,34] impacted the range of pressures achievable
and, consequently, the type of samples of interest. HP instrumentation can now access compressions exceeding
the strength of the strongest molecular bond, changing chemical reactivities and enabling the engineering of novel
materials with specific functionalities. Advances in HP small angle scattering are due in no small part to efforts
carried out by, or in collaboration with academia. Examples include a stroboscopic HP-SANS cell which can apply
up to 10 Hz pressure jumps with adjustable amplitude (up to 0.35 kbar) and duration, used for CO2-emulsions [37],
or cells used to study the pore structure of various types of rocks, where small angle scattering techniques have the
unique ability to differentiate between open and closed pores [4], among others.

This article concerns static cells designed to work with maximum pressures – typically up to 500 MPa – insuf-
ficient to break covalent bonds, which have significantly higher bond dissociation energies. For a review on the
effects of HP on molecules at higher pressures see for example [22]. The importance of HP studies on biological
macromolecules has long been recognized [25], with early protein folding studies carried out for proteins in the
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1970s [61], and a few complex macromolecular assemblies in the 1990s [52], but protein phase diagrams are still
scarce. The barotropic and thermotropic effects on surfactant phases and microemulsions (see for example [23])
also remain largely uncharacterized. Oligomeric assemblies are particularly sensitive to pressure, often dissociat-
ing at pressures below 100 MPa. The volume change of protein unfolding can be determined from the derivative of
the Gibbs free energy variation with respect to pressure and HP experiments showed that proteins are very poorly
compressible.

HP denatures proteins by changing the surrounding solvent, as well as driving changes towards more packing-
efficient protein-protein and protein-solvent specific interactions. Pressure ranges below 2 GPa [60] cause changes
in secondary to quaternary structural levels that inform assembly pathways and molecular recognition, stir reac-
tion equilibria and probe for the distribution of structural and dynamic states. HP is equally an essential tool in
the analyses of structural flexibility versus stability in piezophiles, and how this dichotomy is balanced for sur-
vival in extreme environments [24]. In contrast, the barosensitivity of some microorganisms, including the most
infectious food-borne pathogens, enables the use of HP processing of food [42,58] and pharmaceuticals [48] (aka
Pascalization, particularly useful with temperature-sensitive products) to increase shelf life and in decontamination-
processes. Finally it should be noted that developments in molecular biology and industrial techniques [53] have
strongly augmented the use of HP in the last decade, both directly, where HP is used in mechanical disruption, and
indirectly as a consequence of the techniques deployed [36]. Examples include cell lysis, high-performance liquid
chromatography, analytical ultracentrifugation, HP refolding of inclusion bodies [46], HP crystallization [44], in-
corporation of membrane proteins into nanodiscs [5], and HP crystallography [31]. Increasingly complex samples
can now be produced at a range of scales, allowing for sample-consuming techniques to be deployed.

The relatively wide range of cold neutron wavelengths covers sizes from the tens of angstroms to the micrometer
range, central to the study of a variety of sample sizes and complexities. Biological macromolecules and their
biomimetic counterparts (see for example [2]) often have a hierarchic organization of macroscopic assemblies and
aggregates with various levels of order or pattern. Understanding the impact of environmental parameters requires
a holistic characterization at various time and space resolutions. Many of the applicable experimental methods are
limited by technical difficulties or idiosyncrasies of the probes used (for a discussion see for example [40]) that can
alter the sample, incur in molecule size limitations, or impose a high sample cost in terms of amount of material
required.

Nowadays, the latter is no longer prohibitive for most neutron techniques [57], yet sample availability remains
a major criteria in the applicability of small angle neutron scattering to biological macromolecules (BioSANS):
this was one of the reasons to design an improved HP system at the NCNR. In BioSANS the experimental strategy
often involves the use of isotope labelling to minimize incoherent scattering background and to highlight certain
components of complex samples – contrast variation – which further adds weight to sample volume considerations.

2. High pressure cells for small angle neutron scattering studies

From a thermodynamic point of view, hydrostatic pressure is considered a simple way to perturb a system of
interest, requiring relatively little energy to effect changes in biopolymers and being isostatic regardless of the
size or shape of the sample. Experimentally, it is a less straightforward perturbation technique, particularly when
combined with the need for precise temperature control.

The penetrating power of neutrons affords significant flexibility in terms of the mechanical properties of the ma-
terials that can be used. The choice of material for the body of a HP SANS cell is mostly governed by mechanical
strength, wear and corrosion resistance, as well as magnetic permeability. All must meet the specifications for a
broad range of temperature and pressure of interest. For BioSANS, many HP cells include optically and neutron
transparent windows, to monitor sample loading so that the exposed path is uniformly filled with sample. Windows
can also be chosen to be compatible with in-situ complementary techniques, such as light scattering [28] or fluo-
rescence, adding critical versatility to the design. Transducers and fiber optics can be positioned inside the pressure
cell, but this option is avoided because the harsh environment often compromises probe sensitivity, accuracy and
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lifetime (for a discussion see for example [18,39]). Furthermore, the presence of probes inside the cell tends to
significantly increase the sample volume requirements.

Unlike SAXS measurements, where the high flux beams allow for relatively small samples and/or lower con-
centrations, HP-SANS experiments require a larger illuminated volume. For cell designs that include windows, a
compromise must be found to maximize the exposed amount of sample, for better signal-to-noise, while minimiz-
ing the amount of unsupported window material that will be withstanding a pressure differential. The next section
describes how these criteria were weighted to design a HP-BioSANS pressure system.

2.1. The NIST Center for Neutron Research (NCNR) HP Bio-SANS cell

The HP-cell currently being used for BioSANS data collection at the NCNR (see Fig. 1) for liquid samples is
made of a high-nickel-content austenitic steel (Nitronic 50®). Albeit at the cost of more difficult machinability, this
material possesses high corrosion resistance and does not become magnetic when cooled to sub-zero temperatures.
The maximum allowed working pressure can be calculated using the American Society for Mechanical Engineers
code formula:

Pmax = 2UTS · t

ID · SF

where UTS is the ultimate tensile strength for the high-strength Nitronic 50® bar stock used to make the cell (see
Table 1), t is the wall thickness (2.66 cm), ID is the inner diameter (4.94 cm) and SF is the safety factor. This
allows for a Pmax of 4.4 kbar (0.44 GPa) at 24°C, using a safety factor of 2.5. The cell is fitted with unclamped
optical-grade sapphire windows (1.91 cm outer diameter, by 1.91 ± 0.003 cm thickness) [10]. Window sealing
is provided by chemically- and temperature-compatible elastomeric O-rings. For each of the sapphire windows, a
silicone ring (70 Shore A durometer hardness, Silicone FDA) contacts the sapphire directly. To prevent extrusion
failure, a second Buna-N 90 Contoured back-up O-ring is also present (flat side facing the end-cap of the cell: see
Fig. 2).

The empty HP-SANS cell transmissions (Table 2) are above 80% for the most common configurations used
at the NCNR NGB30 SANS instrument (corresponding to wavelengths of 6 Å and 8.4 Å) [16]. The instrument
configurations used cover a q-range of 0.001–0.6 Å−1, where the momentum transfer is defined as a function of

Fig. 1. Schematics of a cut of the LIPSS system (not drawn to scale; the authors are available to provide more information on the real-scale
design dimensions as necessary) seen from “the neutron eye”. The bottom Peltier label indicates the general position of the group of 4 Peltiers.
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Table 1

Typical ultimate tensile strength of high-strength Armco Nitronic 50 bars (from Armco Product
Data Bulletin No. S-38, 1986) and calculated maximum allowable working pressures, assum-
ing a safety factor of 2.5. The effects of thermal expansion were not taken into consideration

Temp. (°C) UTS (psi) Pmax (kbar)

−73 169,900 5.0

24 150,000 4.4

93 135,000 4.0

204 124,000 3.6

316 117,000 3.4

Table 2

Empty cell transmission measurements and corresponding configurations measured at the
NGB30-SANS instrument, at the NCNR, using a 1 mm cell path length. A 0.114 m beam
defining aperture was used (positioned just before the cell)

Transmission (%) Sample-to-Detector Distance (SDD) and configuration

87.6 ± 0.9 SDD 1.33 m, detector offset 0.25 m, λ = 4 Å (�λ/λ = 12.5%)

80.9 ± 0.3 SDD 1.33 m, detector offset 0.25 m, λ = 6 Å (�λ/λ = 12.5%)

80.9 ± 0.3 SDD 4 m, no detector offset, λ = 6 Å (�λ/λ = 12.5%)

80.9 ± 0.3 SDD 13.17 m, no detector offset, λ = 6 Å (�λ/λ = 12.5%)

74.3 ± 0.7 SDD 13.17 m, no detector offset, λ = 8.4 Å (�λ/λ = 12.5%).

wavelength (λ) and the scattering angle (2θ ):

q = 4π

λ
sin θ

Besides relatively transparent to cold neutrons, sapphire is chemically and mechanically resistant. Sapphire
offers a very high modulus of rupture: the windows are rated to a rupture modulus strength M of 6.9 kbar (0.69 GPa)
[15] and have an unsupported area of 1.27 cm2. For circular windows, the desired thickness t can be calculated
using the equation [19]:

t = r · √
(P · K · SF)/M

where r is the unsupported window radius, P is the pressure differential, K is an empirical constant for circular
windows and SF was set to 10 for the sapphire windows. To prevent elastic deformation, the maximum stress
applied must be smaller than the rupture modulus by an amount defined by the safety factor so that:

Smax = M/SF

Each window is retained by an end-cap with a 30° included-angle cone that allows a neutron beam to exit the
scattering cell at a maximum angle of 15° relative to the window surface, and small angle scattering data to be
recorded up to 0.6 Å−1, using a neutron wavelength of 4 Å on the NBG30 SANS instrument with a detector offset
for the highest angle configuration. The neutron path length across the sample is defined by an edge on an inner
sleeve – see Fig. 2 – adjustable to multiples of 1.0 mm for optimal thickness (up to 5.0 mm). The sapphire windows
are placed on opposite sides of the sleeve and pushed to the center until they sit on the inner edge (spaced by a
distance equal to the thickness of the edge). With the present design, the neutron path length through the cell
can increase by several percent for path lengths less than 3.0 mm at 300 MPa internal cell pressure, due to the
elastic deformation caused by the windows pushing against the end caps. The window displacement can be easily
determined as a function of pressure and temperature [13] using a high-resolution indicator gauge (Starrett Co.,
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Fig. 2. “Exploded” schematics of the core body of the pressure cell. The small inset shows a photograph of the core body of the cell once
assembled, before it is put in position inside the temperature jacket and connected to the LIPSS system. The drawing is scaled for clarity, the
authors are available to provide the real-scale dimensions as necessary.

model 25-881). Alternatively, the amount of elastic deformation can be significantly reduced if the end caps are
machined from a metal that is harder than Nitronic 50®, such as a grade of Inconel® (austenitic nickel-chromium-
based superalloys).

2.2. Heat vs sub-zero temperature environments

Heat denaturation (often referred to as thermal denaturation) of a protein typically causes partial or complete
unfolding of the secondary and tertiary structures. The temperature increase may or may not lead to complete loss
of function. A well-known example is the effect of boiling on eggs, which can also be used to denature epitopes that
trigger allergenic responses [49]. Unfolding through heat denaturation is mostly entropy-driven and often causes
the irreversible onset of aggregation, due to hydrophobic interactions between denatured proteins. The presence
of intermolecular interactions significantly complicates the phase diagram of proteins and most biomolecules (for
a review see [54]): for a clearer picture of protein stability, both heat and cold denaturation must be investigated,
as clearly shown by studies on the fortuitous cases where cold denaturation occurs at temperatures above freezing
[45].

The mid-point of cold denaturation of a native protein at sub-zero temperatures poses experimental challenges
and adds effects from the formation and presence of ice. This can be, in part, circumvented through the use of
anti-freezing agents, or through destabilizing agents (pH, alcohols, etc) that cause a shift of the cold denaturation
to temperatures above freezing. Such strategies however introduce external factors that can induce non-native
interactions. The combined use of HP and subzero temperatures offers an alternative, applicable to techniques that
would otherwise be hampered by the presence of crystalline ice in the samples under study. This is a particularly
important capability for modern biophysics and nanotechnology, where hot- and cold-denaturation studies can
be contrasted to probe the energy landscape of biological macromolecules [20,30], and to assist in the design of
synthetic routes and studies of new nanomaterials [26,50].

At the NCNR, a thermoelectric-based system [41] has been developed to drive the temperature of the HP-SANS
cell in the range 255 K � T � 353 K. A combination of four commercially available thermoelectric devices
(Peltiers) – capable of expelling the equivalent of 750 Watts of heat from the hot side while removing upwards of
450 Watts from the cold side – is used to set the temperature on the HP-SANS cell. The Peltiers are individually
controlled for maximum efficiency. The expelled excess heat is removed via a heat exchanger connected to a silicon
oil recirculating bath. 100 Ohms platinum resistance temperature detectors (Pt-100 RTDs) were placed at the top
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port of the cell body (for in-situ measurements, see Fig. S1 and discussion in the Supplementary Information), as
well as positions on four corners of the cell, to calibrate the sample temperature in terms of offsets at relevant cell
positions and equilibration times. Below 2 kbar, the sample temperature can be lowered from room temperature to
a uniform temperature across the cell of 255 K (± 0.5 K) in 80 minutes. This was verified using readings directly
at the sample position. Cooling is significantly slower for sub-zero temperatures and under pressures above 2 kbar
(see Supplementary Information).

2.3. Operating the liquid insertion pressure system for SANS (LIPSS)

As shown in Fig. 1, LIPSS is connected to the body of the HP-SANS cell through two ports. One port is
connected to a stainless-steel media separator designed for pressures up to 400 MPa, where a piston isolates the
pressurizing medium from the sample. O-rings are set in place to ensure sealing under hydrostatic conditions,
while a stainless-steel spring on the sample side ensures the separator is driven to its starting position before sam-
ple injection. The medium used up to present is degassed ultrapure water, pressurized using a screw-type positive
displacement pressure generator. Water has the advantage of causing almost immediately noticeable effects on the
experimental data in case of a separator leak, while mixing with the sample does not typically cause irreparable
damage. Other hydrostatic pressure media, such as a 4:1 methanol:ethanol mixture, alkane based fluids, or fluori-
nated aliphatic compounds should be considered for increased lifetime of the pressurizing system materials (for a
discussion on the respective advantages see, for example, [59]).

The pressurizing fluid is fed to the separator through a HP cable connected to the SANS sample chamber.
The pressurizing and Peltier systems can both be software controlled, activated through commands directly pro-
grammable on the SANS data collection software available at the NCNR. The sample injection port is positioned
directly on the separator piece, to minimize sample volume requirements. On the opposite side of the separator
and injection ports, the cell body is connected to LIPSS through a second port, for access to a vacuum pump. This
feature of the system is paramount to assist with sample loading. Using a connection to a vacuum pump, the system
may be flushed with cleaning agents and dried for background measurements prior to SANS data collection. With
the system under vacuum (the valve on the pump side is closed before data collection), the injection valve is open
and the sample is introduced in LIPSS. This method ensures that the full system – 2.7 ml for non-viscous D2O
solutions – is filled with sample and minimizes the presence of air bubbles. Up to 2 ml of the sample volume is
recoverable after data collection. The cell body is demountable from the LIPSS system for extensive cleaning and
drying while a second cell body is loaded. The LIPSS system frame is locked in place and ensures that alignment
in the neutron beam is retained for the second cell body, to minimize dead-time between samples.

The compactness of LIPSS, with total dimensions near those of a regular SANS sample changer, make it easy
to assemble in a standard sample chamber where the entire setup can be placed under vacuum. This eliminates the
presence of air in the neutron path and, more importantly, allows for lower temperatures to be accessed without
condensation of water or solidification of ice on the system surfaces.

2.4. HP-SANS profiles on a standard sample

The LIPSS system was used on a standard protein to assess the required exposure times and protocols for a
representative biological sample: a relatively small macromolecule that has been well characterized in a range
of environments. The chosen sample was the NIST monoclonal antibody (NISTmAb) reference material [51], a
recombinant humanized immunoglobulin (IgG1κ) expressed in murine suspension culture. After brief centrifu-
gation, the samples were injected and data were collected on 5 mg/ml NISTmAb, dissolved in a 2H2O buffer
containing 12.5 × 10−3 mol/L of L-histidine and 12.5 × 10−3 mol/L of L-histidine HCl, at pD 6.0. Figure 3 shows
scattering profiles for the NISTmAb data at atmospheric pressure and at 150 MPa (1500 bar), illustrating the data
quality achievable. Given its direct relevance for the biopharmaceutical industry, an extensive report on the HP and
temperature effects on the NISTmAb will be reported elsewhere.
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Fig. 3. Example of HP-SANS scattering profiles measured at 22°C for a solution of 5 mg/ml of NISTmAb protein at two different pressures,
measured down to 0.01 Å−1 in the HP-SANS cell (see also online color version). A profile measured to lower q, using a standard SANS Banjo
cell at ambient conditions, is also shown for comparison. Scattering of the empty cell (subtracted by the open beam scattering and measured
using the same exposure times as the sample) is also shown. Guinier fits and the corresponding parameters are shown for the two pressures as
labelled. The error bars correspond to one standard deviation of uncertainty.

The HP-SANS data were collected on the NGB30 SANS instrument [16] at the NCNR, using a sample aperture
of 9.5 mm and a sample thickness of 1 mm. Scattered neutrons were detected with a 64 cm × 64 cm 2D position-
sensitive detector with 128 × 128 pixels. To cover a q-range of 0.01–0.6 Å−1, the following configurations were
used: low-q (6 Å neutron wavelength, sample to detector distance SDD 13 m), medium-q (6 Å, SDD 4 m) and high-
q (4 Å, SDD 1 m and a detector offset of 25 cm). For reference, data were collected for the NISTmAb sample in
the pressure cell at atmospheric pressure and temperature conditions (see Fig. 3). The pressure was then increased
in steps of 50 MPa, with 5 minutes of equilibration per step. An equilibration time of 30 minutes was used for the
final pressure (150 MPa, i.e. 1500 bar) and temperature condition. Neutron exposures of 20 minutes, 15 minutes
and 10 minutes were used for the low-, medium- and high-q configurations, respectively. Data were reduced,
subtracted, merged and fitted using Igor Pro 7 (WaveMetrics, Lake Oswego, OR) and the NCNR Igor Macros [27].
Data were corrected for scattering from the empty HP cell, stray neutrons and non-uniform detector response.
Scattering was normalized to the incident beam flux and radially averaged to obtain the scattering intensity, I (q)

versus q. The scattering intensity was further corrected for background scattering from the buffer, to obtain the
final scattering intensity for the NISTmAb in solution. The data quality is reflected in the quality of the Guinier fits
for the NISTmAb radius of gyration (Rg), which describes the mass distribution of the macromolecule around its
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center of gravity: Rg = 49.02 ± 1.41 Å at atmospheric pressure, and Rg = 48.44 ± 0.92 Å at 150 MPa, consistent
with values reported in the literature [11,29]. The Guinier analyses [17] were carried out by fitting the data in the
low q range limited by (q × Rg) < 1.3, where

ln I (q) = ln I (0) − R2
g

3
· q2

Data obtained using more standard SANS cells is comparable to that available in the literature [9]. Data collected
using 1 mm Banjo cells, as shown for comparison on Fig. 3 (for more details on the data collection for the standard
cells at ambient conditions see also the Supplementary Information), is also of similar quality, albeit covering a
slightly broader q-range.

3. Discussion

This article places an emphasis on the context of environmental effects on proteins, as representative ubiquitous
biological macromolecules. It should be emphasized that the combined use of HP and temperature scans is also
relevant to other applications, such as the studies of lipid thermophysical properties and crystallization kinetics
[62]. HP-SANS cells with a broad range of pressure and temperature capabilities find applications in the studies
of biomembranes, critical to many cellular processes (for a review on HP instrumentation in this context see [7]).
Other examples of applications include studies on the self-assembly of the so-called patchy colloidal particles
[14,47], or studies of polymer-supercritical fluids [13].

These are exciting times for HP neutron research. Currently available systems for HP-SANS have different
characteristics in terms of sample volume, pressure and temperature limits, scattering resolution, etc, collectively
providing an expanded range of options that foster studies of novel materials and a deeper understanding of their
properties. HP-cell developments for complementary techniques should also be highlighted, such as those avail-
able for X-ray scattering [3], fluorescence [32], light scattering [56] or NMR [38], which support and extend the
experimental information accessible to SANS. At the NCNR, the LIPSS system offers the unique capability of a
broad range of subzero to relatively temperatures: to our knowledge, no other HP-SANS cell offers the combined
capability to simultaneously cover the same range of pressure and low temperatures. The Institut Laue Langevin,
France, provides HP-SANS cells for up to 500 MPa environments, designed for temperatures above freezing [1,55].
The High Flux Isotope Reactor facilities (Oak Ridge, USA) also offers the possibility of HP environments up to
100 MPa for temperatures above freezing, coupled with the advantage of an HP cell changer that allows for a series
of measurements to be pre-programmed on the Bio-SANS instrument [21]. The non-destructive nature of SANS,
coupled with its sensitivity to structural changes and ability to highlight components of multimeric assembly of any
size, are particularly important for hysteresis studies, as well as in the context of probing slow HP-effects (minutes
to hours are often reported, see for example [8]). The availability of more robust cell materials affords a variety of
potential improvements that should be taken into consideration for new designs: smaller cells will for example al-
low for faster temperature equilibration and reduced sample volumes. The technology to synthetically grow single
crystal diamonds via chemical vapor deposition is also maturing: larger high-quality diamonds are now possible to
grow. This brings the possibility of diamond anvil windows for HP-SANS cells, which withstand larger pressures
than sapphire and would allow for larger exit angles, i.e. a broader q-range of SANS to be recorded. Similarly to
sapphire, diamond anvil windows further offer the possibility of in situ light scattering measurements, a desired
addition to a future HP-SANS cell.

Disclaimer

Certain commercial equipment, instruments, suppliers and software are identified in this paper to foster under-
standing. Such identification does not imply recommendation or endorsement by the National Institute of Standards
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and Technology, nor does it imply that the materials or equipment identified are necessarily the best available for
the purpose.

Supplementary data

Supplementary Information is available at: http://dx.doi.org/10.3233/JNR-180057.
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