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A high-pressure cell for in situ X-ray reflectivity measurements of liquid/solid

interfaces at hydrostatic pressures up to 500 MPa (5 kbar), a pressure regime

that is particularly important for the study of protein unfolding, is presented.

The original set-up of this hydrostatic high-pressure cell is discussed and its

unique properties are demonstrated by the investigation of pressure-induced

adsorption of the protein lysozyme onto hydrophobic silicon wafers. The

presented results emphasize the enormous potential of X-ray reflectivity studies

under high hydrostatic pressure conditions for the in situ investigation of

adsorption phenomena in biological systems.
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1. Introduction

Studying the response of matter to pressure has a long tradi-

tion, since phase transitions and phase separations can be

investigated in great detail. Such transitions are induced by the

reduction of the sample volume, which has an impact on, for

example, interaction potentials, dynamic degrees of freedom,

and bonding. High pressure allows inducing conformational

modifications to proteins without bringing internal energy into

the system, meaning that volume effects and energy effects

can be analyzed separately. The importance of studying

biological systems at hydrostatic pressures up to 5 kbar lies

also in the fact that biologically relevant proteins denature in

this pressure regime.

The use of high pressure (Jayaraman, 1983) in combination

with synchrotron-radiation-based small-angle X-ray scattering

(Winter, 2002; Liu et al., 2012), X-ray diffraction (Meade et

al., 1992; Katrusiak & McMillan, 2004; McMahon, 2012) and

X-ray spectroscopy (Ingalls et al., 1980; Ishimatsu et al., 2012;

Hong et al., 2013; Jackson et al., 2005; McCammon et al., 2008;

Rueff & Shukla, 2010) is well established and provides unique

insights into the structure of soft and hard condensed matter.

In the past, pressure ranging from kbar to several Mbar was

applied in cells that make use of compressed fluids (e.g. Pressl

et al., 1997; Kato & Fujisawa, 1998; Woenckhaus et al., 2000;

Krywka et al., 2008; Ando et al., 2008) or diamond anvils (e.g.

Loubeyre et al., 1996; Tateno et al., 2010) to pressurize a very

small sample volume. However, it is the specific scattering

geometry in an X-ray reflectivity (XRR) experiment and

thereby the requirements to the sample dimensions that

complicate the construction of a high-pressure XRR sample

cell. For reflectivity experiments, large samples surfaces are

needed because of the very small angles at which the incoming

beam hits the sample. At such grazing angles, the beam size on

the sample, the so-called footprint, is larger than the sample

itself and intensity is lost. Thus, samples with surfaces up to a

square centimeter need to be placed into the pressurized

volume, restricting the minimum cell volume. In recent years,

several high-pressure cells for neutron reflectivity were

developed and pressures up to 2.5 kbar were achieved

(Kreuzer et al., 2011; Jeworrek et al., 2011; Wang et al., 2012;

Carmichael et al., 2012). However, X-ray reflectivity studies at

the solid/gas, liquid/gas and liquid/liquid interfaces have been

limited to pressures below 0.1 kbar in large-volume gas cells

(Paulus et al., 2008; Lehmkühler et al., 2009; Venturini et al.,

2011; Boewer et al., 2012) so far.

In this article we present a set-up for in situ X-ray reflec-

tivity studies of solid/liquid interfaces at high hydrostatic

pressures. We report on the first study of the solid/liquid

interface at hydrostatic pressures up to 5 kbar and with an

accessible qz-range up to 0.5 Å�1. First we describe the high-

pressure cell and the corresponding sample environment.

Then we discuss first X-ray reflectivity measurements of

pressure-induced lysozyme adsorption on hydrophobic silicon

wafers to demonstrate the enormous potential of the set-up,

particularly for the study of biological systems.

2. The high hydrostatic pressure X-ray reflectivity cell

To build a high hydrostatic pressure cell, it is necessary to

separate the sample volume from the pressure-transmitting

liquid, which is usually water. Thus, a two-cell design has to be
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used, with an outer cell for pressure application and an inner

cell containing the sample liquid and the solid sample. The

pressure coupling between the two cells is realised via a

flexible membrane. The outer cell has to resist the high pres-

sure and is thus made of high-strength steel (type 2.4668,

NiCr19Fe19Nb5Mo3). Its general layout is similar to the one

developed by Krywka et al. (2008), but was modified to carry

the significantly larger inner sample cell. The outer dimensions

of this cell are 98 mm � 90 mm � 80 mm (length in beam

direction � width � height). It is interspersed by channels for

water cooling or heating, so that temperatures between 274 K

and 360 K can be achieved. A sketch of the sample cell is

shown in Fig. 1(a). For beam entry and exit, two 25 mm-deep

bore holes with M32 � 1.5–6H threads are made opposite

each other (marking W). These two holes are connected by a

26.2 mm-long and 14 mm-wide bore that contains the inner

sample cell and is filled with pressure-transmitting medium.

This volume is connected to a high-pressure pump (SITEC-

Sieber Engineering AG, Switzerland) via a 2 mm-wide channel

that ends in a M16 � 1.5–6H drill hole on the top side of the

cell. The connection to the pressure pump is realised by high-

pressure-resistant steel tubing. A second 2 mm-wide channel

connects the pressurized volume to a pressure monitor

(SITEC-Sieber Engineering AG, Switzerland) that is installed

at the back via a M16 � 1.5–6H drill hole. The pressurized

volume is closed by two cylinders with diamond windows (D).

Synthetic diamonds with a thickness of 1 mm and a diameter

of 6 mm were used as window material. The cylinders have

centered circular windows with a diameter of 2 mm, closed by

gluing the diamond windows onto the cylinders. O-ring seals

are clamped between the cylinders and the cell body to tighten

the cell. The seals and cylinders are fixed by the hollow-bored

M32 screws (steel type 1.6580, 30CrNiMo8). To reduce the

strong absorption of both the diamond windows and the

liquid, high photon energies � 20 keV are required (Paulus et

al., 2008). The arrangement of the diamond windows allows a

maximum angle of incidence of � = 7.7� at a beam height of

0.1 mm. Typical reflectivity curves of solid/water interfaces can

only be measured up to a maximum wavevector transfer qmax

of approximately 1 Å�1 because the signal is too weak at

higher qz (see, for example, Mezger et al., 2006). Thus, the

opening angle of our cell is sufficient to measure a complete

reflectivity curve without cutting intensity at the window

edges.

An additional M32 � 1.5–6H hole (O) is made in the side

wall. This opening allows the inner sample cell to be inserted

from the side into the outer cell without removing the

diamond windows.

The key part of the set-up is the inner sample cell, shown in

Fig. 2, which consists of parts A, B and C. It is made of stainless

steel. Part B is the actual sample holder. The inner volume of

this cell including the sample holder is about 375 ml. Two

Kapton windows (K in Fig. 2) close the windows in part C and

separate the liquid sample from the pressure medium,

allowing at the same time the beam to enter and exit without

intensity loss. The sample holder can accommodate wafers

with an area of 8 mm � 8 mm, sufficiently large to carry out

X-ray reflectivity measurements. An M3 grub screw (S in

Fig. 2) prevents the samples from shifting, which is important
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Figure 1
(a) Sketch of the sample cell. Two cylinders (D) hold the diamond
windows, and two M32 screws assure the leak tightness of the cell. The
inner cell can be exchanged via an opening on the side (O) without
removing the diamond windows. (b) Schematic drawing of the scattering
geometry.

Figure 2
Drawing and photograph of the inner sample cell, consisting of parts A, B
and C. Part B is the actual sample holder. A window in the breech (part
A) covered by a rubber membrane (M) compensates the volume and
pressure changes. An M3 grub screw (S) is used to fix the sample.



as soon as the wafer is placed in a liquid environment. The

volume of the inner cell is separated from the outer volume by

a breech (part A, Fig. 2). A window within the breech is

covered by a rubber membrane (M in Fig. 2). Because of its

flexibility and elasticity, the rubber membrane provides for

the pressure and volume compensations that are necessary

because the sample liquid might undergo a pressure-induced

volume change. In that way, the collapse of the Kapton

windows is prevented. Two bolts at the back of the sample

holder B fit into appropriate drill holes inside part C of the

inner cell, thus ensuring the correct orientation of the sample

holder with respect to the incident X-ray beam. In order to

simplify the insertion of the inner cell into the pressure cell,

the rear panel of the inner cell C has a concave cylindrical

shape, which fits into the corresponding convex structure

milled in the pressure cell. In that way, the sample remains

stable when the large outer screw in O is fixed. Fig. 1(b) shows

the beam path in the cell. In total, the X-ray beam passes the

two diamond windows (1 mm each), two Kapton windows of

the inner cell (25 mm each), approximately 10 mm of sample

liquid and approximately 200 mm of water (pressure-trans-

mitting fluid).

With the described set-up, very high hydrostatic pressures

up to 5 kbar can be reached. The temperature is stable within

�0.1 K. The pressure loss in the worst case is�100 bar during

a reflectivity measurement, corresponding to a pressure

stability of �1% at 5 kbar. However, in the best case, the

pressure loss can be as small as 10 bar (�0.1%) at higher

pressures, and even below that at 1–2 kbar.

3. Experiment

In an X-ray reflectivity experiment, the specularly reflected

intensity is monitored as a function of the incident angle �,

see Fig. 1(b). The laterally averaged electron density profile

�e(z) perpendicular to the sample surface is investigated;

z is the vertical distance above the interface. Depending on

the set-up and the maximum accessible wavevector transfer

qz = 4�/�sin(�), with the wavelength � of the X-ray radiation,

ångstrom resolution is reached. The reflected intensity I is

given by (Als-Nielsen & McMorrow, 2001)
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Thus, the X-ray reflectivity technique provides direct access to

the structure of interfaces, averaged over the illuminated area.

Notably, structural changes due to adsorption at the solid/

liquid interface can be investigated. In a given experimental

set-up, the resolution of the electron density profiles is

proportional to 1/qmax. Thus, a large qz-range is especially

important in the case of very thin layers, where a high reso-

lution is required.

To demonstrate the possibilities that the high-pressure

X-ray reflectivity cell offers, we performed a study on pres-

sure-induced adsorption of lysozyme onto hydrophobic

surfaces. Lysozyme is an ellipsoid with dimensions of�45 Å�

30 Å � 30 Å. It has a well known structure and has been

intensely used as a model protein in many studies so far. The

experiments were performed at beamline BL9 (Krywka et al.,

2006, 2007) of the synchrotron lightsource DELTA (Dort-

mund, Germany; see Tolan et al., 2003) using the 27 keV X-ray

reflectivity set-up (Paulus et al., 2008).

In the past, the adsorption of lysozyme on hydrophilic and

hydrophobic surfaces was studied by X-ray reflectivity

experiments under ambient pressure conditions varying

different parameters such as protein concentration, pH value,

co-solvents or temperature [see, for example, Hähl et al. (2012)

or Richter & Kuzmenko (2013)]. It was shown that the protein

predominantly adsorbs as a monolayer. However, if the

temperature was raised to a value where lysozyme starts to

unfold, a strong increase of the adsorption occurred (see

Jackler et al., 2002). As high pressure also possesses a de-

stabilizing effect on lysozyme; a similar behavior is expected

when the pressure is raised. Koo et al. (2013) studied the

pressure-induced adsorption of lysozyme at the solid/liquid

interface applying neutron reflectivity for pressures up to

2 kbar, but in a very limited qz-range of 0–0.1 Å�1, indicating a

slightly increased lysozyme adsorption.

In this study, lysozyme (14.3 kDa, pI = 11, from hen egg-

white, Sigma Aldrich) was used in 25 mM bis-tris buffer

solution at pH 7 (Neuman et al., 1973). Because of the high

stability of lysozyme, unfolding is expected at pressures above

4 kbar (Schroer et al., 2011). To decrease the unfolding pres-

sure, guanidinium chloride (CH6ClN3; Merck, Darmstadt,

Germany), which is known as a protein denaturant

(Schellman, 2002), was added with a concentration of 1 M l�1.

The protein concentration was 0.1 mg ml�1. A self-assembled

monolayer of octadecyltrichlorosilane (OTS) was prepared on

the silica surface of silicon wafers in order to produce a highly

hydrophobic surface (Mezger et al., 2006). The wafers were cut

into 8 mm � 8 mm pieces and fixed inside the inner cell.

Afterwards, the inner-cell volume was filled with a protein–

guanidinium-chloride solution and then placed into the high-

pressure outer cell. The temperature was set to 313 K.

The incoming X-ray beam (EPh = 27 keV) had a vertical size

of 0.1 mm and a width of 1 mm. The reflected beam was

detected by a NaI point detector. The background scattering

originated mainly from the bulk scattering of the water phase

and was of the order of 10�7. It was measured with a long-

itudinal offset scan. A reflectivity scan including the

measurement of the diffusely scattered radiation took 40 min.

The qz-range of up to 0.5 Å�1 was probed. We expect that at

other synchrotron sources, with a flux that is several orders of

magnitude above the flux at BL9 of DELTA, the accessible

range can be considerably extended.

First, a reference reflectivity at a pressure of 1 bar was

recorded before the pressure was raised to 5 kbar. The

diffusely scattered radiation was subtracted from the X-ray

reflectivity signal. By repeated measurements, it was excluded

that radiation damage was at the origin of any observed

effects.

Background-corrected reflectivities at ambient (circles) and

high pressure (stars) are shown in Fig. 3. The curves are shifted
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vertically for better visibility. Solid lines correspond to fits

to the data. The X-ray reflectivity data were refined using

the Parratt algorithm (Parratt, 1954) in combination with

the effective density model. The Parratt algorithm is based

on a recursive determination of the reflected and transmitted

intensity at each interface in the system. The effective density

model is useful when the layer roughness is of the same order

of magnitude as the layer thickness, that is, in a regime where

the traditional approach of distinct slabs fails (Tolan, 1999).

Also, a footprint correction was applied to the data to account

for the finite sample size.

4. Discussion

From Fig. 3, significant changes in the reflectivity curves can be

observed. These changes are emphasized by a normalization

to the Fresnel reflectivity of an ideally flat silicon surface, as

presented in the inset of the figure.

For a detailed understanding of the interfacial structure, we

analyze the electron density profiles that can be obtained from

the refinements in Fig. 3, using the entire qz-range up to

0.5 Å�1. The gray region in the inset shows the limited qz-

range that is accessible by high-pressure neutron reflectivity

measurements. The interpretation of experimental data

acquired during lysozyme adsorption at solid/liquid interfaces

might become highly ambiguous if the qz-range is too small.

The electron density profiles that we obtained from the

XRR data are shown in Fig. 4. They are normalized to the

electron density of the silicon substrate and are shown as a

function of z. The solid (blue) line corresponds to 1 bar and

the (red) dashed line to 5 kbar. The (black) dot-dashed line is

the 1 bar profile after substraction of the protein layer.

The silicon wafer is modeled by the bulk silicon and a silicon

dioxide layer, the thickness of which depends on the wafer

cleaning procedure. At the bottom of the figure, a simple box

model sketches the substrate. Directly adjacent to the silicon

dioxide is the hydrophobic OTS film, modeled by two layers,

representing the molecule head and tail groups. We obtained a

thickness of �6 Å for the head group and �24 Å for the tail

group. This is in good agreement with the results of other

researchers. Mezger et al. (2006) determined in their studies a

head group size of �5.7 Å and a tail length of 21.8 Å. The

theoretical length of the unstretched chain can be estimated

from the C—C bond length to be�23 Å, which lies within our

experimental resolution. Thus, we conclude that the OTS

chains on our sample are not or only slightly tilted.

Above 80 Å lies the liquid bulk phase. It is not pure water,

but a mixture of water, lysozyme and salt. This given, the value

of roughly half the density of silicon is in good agreement with

the theoretical bulk water level of 0.47 times the electron

density of silicon (NIST, http://webbook.nist.gov/chemistry/).

The bulk electron density of pure water is in theory increased

by 13% if the pressure is increased from 1 bar and 5 kbar

(NIST). The increase of electron density is caused by the

compression of the bulk water phase. Given that salt has an

effect on the compressibility of water, the increase of 11% in

our experiments is in the expected range.

The dip in the electron density adjacent to the OTS tail

groups, around z = 40 Å, is striking. It corresponds to the so-

called hydrophobic gap, an electron-density-depleted region

that was earlier observed between hydrophobic surfaces and

water and was investigated in several experimental and

numerical studies (Poynor et al., 2006; Mezger et al., 2006,

2010; Maccarini et al., 2007; Chattopadhyay et al., 2010). Its

structural interpretation is still under discussion.

From our experiments, we observe the adsorption of a

lysozyme layer onto the OTS layer (see the increase in the

electron density in Fig. 4 above�40 Å). It is natural to assume

that the protein layer does not hover over the OTS layer, but

that it is adsorbed to it. However, we still observe an electron-

depleted region close to the OTS tails. Thus, we argue that

the protein is oriented towards the hydrophobic OTS with its
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Figure 4
Normalized electron density versus distance over the sample z. The solid
(blue) line corresponds to 1 bar and the (red) dotted line to 5 kbar. The
(black) dot-dashed line is the 1 bar profile after substraction of the
protein layer.

Figure 3
Reflected intensity versus wavevector transfer qz at 1 bar (circles) and
5 kbar (stars). Solid lines are fits to the data. The inset shows the same
data, but normalized to the Fresnel reflectivity RF. The gray area indicates
the qz-range covered by the neutron study of Koo et al. (2013).



hydrophobic side chains with many protons and few electrons,

leading to an effective reduced electron density. At ambient

pressure, this effect was also observed by Hähl et al. (2012)

and Richter & Kuzmenko (2013).

In Fig. 4, the solid (blue) line corresponds to a measurement

at 1 bar. The dot-dashed (black) line represents the same 1 bar

profile after substraction of the electron density of the protein

layer. A comparison between the two curves in the region

above the OTS layer allows more to be learned about the

protein adsorption. At 1 bar, the deviation between the two

curves starts in the region of depleted electron density around

40 Å and extends up to around 75 Å. This 35 Å layer corre-

sponds to a monolayer of lysozyme. Protein monolayer

adsorption under similar conditions was observed previously

(Hähl et al., 2012; Richter & Kuzmenko, 2013; Evers et al.,

2008) and is known to be stable in time. We added a simple

graphical model to the electron density profile, illustrating this

most probable scenario that we can extract from the experi-

ments.

If the pressure is increased to 5 kbar, a region of even

higher electron density appears and extends from 40 Å to

80 Å, most pronounced between 60 Å and 80 Å. As this hump

has clearly a higher electron density than the lysozyme layer at

1 bar, it is certain that a more densely packed protein layer is

accumulating at the interface. However, we cannot give more

details about the exact shape of the protein in this extra layer.

We conclude that high hydrostatic pressure has a significant

impact on the adsorption behavior of proteins at hydrophobic

interfaces.

5. Conclusion

We report on the first X-ray reflectivity measurements of the

solid/liquid interface at high hydrostatic pressures up to

5 kbar. To perform X-ray reflectivity measurements at such

high pressures, a new sample environment was designed,

consisting of an outer highly pressure-resisting cell and an

inner sample cell. The inner cell can compensate for volume

changes caused by the increased pressure and also protects the

solid substrate against a shift in the position, which is crucial

for XRR measurements. The cell is optimized for high photon

energies �20 keV and can accept beams with a height of up to

0.1 mm. At 5 kbar, the pressure stability is �1%. The

temperature can be varied between 274 K and 360 K and kept

constant with a stability of 0.1 K.

In first measurements, we demonstrated the pressure-

induced adsorption of lysozyme at a hydrophobic solid

substrate in the presence of a chaotropic co-solvent. An

increase of the layer thickness beyond monolayer formation,

as is the case at ambient pressure, was observed at 5 kbar,

since lysozyme adsorbs at the interface triggered by pressure.

We also showed that the size of the hydrophobic gap changes

only slightly with increasing pressure. This phenomenon will

be interesting to study in the future, and will increase the

understanding of how the water structure influences the

structure of solid/liquid interfaces.

The authors thank the DELTA team for providing

synchrotron radiation and the DFG (FOR 1979) for financial

support. FJW thanks the NRW Forschungsschule ‘Forschung

mit Synchrotronstrahlung in den Nano- und Biowissen-

schaften’ for financial support. JM acknowledges financial

support from the BMBF(05K10 PEC). This work is supported

by the Cluster of Excellence RESOLV (EXC 1069) funded by

the Deutsche Forschungsgemeinschaft.

References

Als-Nielsen, J. & McMorrow, D. (2001). Elements of Modern X-ray
Physics. New York: John Wiley and Sons.

Ando, N., Chenevier, P., Novak, M., Tate, M. W. & Gruner, S. M.
(2008). J. Appl. Cryst. 41, 167–175.

Boewer, L., Nase, J., Paulus, M., Lehmkühler, F., Tiemeyer, S., Holz,
S., Pontoni, D. & Tolan, M. (2012). J. Phys. Chem. C, 116, 8548.

Carmichael, J. R., Rother, G., Browning, J. F., Ankner, J. F., Banuelos,
J. L., Anovitz, L. M., Wesolowski, D. J. & Cole, D. R. (2012). Rev.
Sci. Instrum. 83, 045108.

Chattopadhyay, S., Uysal, A., Stripe, B., Ha, H. Y., Marks, T. J.,
Karapetrova, E. A. & Dutta, P. (2010). Phys. Rev. Lett. 105,
037803.

Evers, F., Shokuie, K., Paulus, M., Sternemann, C., Czeslik, C. &
Tolan, M. (2008). Langmuir, 24, 10216–10221.
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Reichert, H., Schober, H. & Thomas, F. (2011). J. Synchrotron Rad.
18, 251–256.

Wang, P., Lerner, A. H., Taylor, M., Baldwin, J. K., Grubbs, R. K.,
Majewski, J. & Hickmott, D. D. (2012). Eur. Phys. J. Plus, 127, 76.

Winter, R. (2002). Biochim. Biophys. Acta, 1595, 160–184.
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