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ABSTRACT: The stability of biologically produced pharmaceuticals is the
limiting factor to various applications, which can be improved by formulation
in solid-state forms, mostly via lyophilization. Knowledge about the protein
structure at the molecular level in the solid state and its transition upon
rehydration is however scarce, and yet it most likely affects the physical and
chemical stability of the biological drug. In this work, synchrotron small- and
wide-angle X-ray scattering (SWAXS) are used to characterize the structure
of a model protein, lysozyme, in the solid state and its structural transition
upon rehydration to the liquid state. The results show that the protein
undergoes distortion upon drying to adopt structures that can continuously
fill the space to remove the protein−air interface that may be formed upon
dehydration. Above a hydration threshold of 35 wt %, the native structure of
the protein is recovered. The evolution of SWAXS peaks as a function of
water content in a broad range of concentrations is discussed in relation to
the structural changes in the protein. The findings presented here can be used for the design and optimization of solid-state
formulations of proteins with improved stability.
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1. INTRODUCTION

Protein drugs (biotherapeutics, biologics) have become an
increasingly important class of drugs for the treatment of many
diseases.1 Biologics are typically used as liquid formulations for
injection but also as topical creams for local administration.
However, the physical and chemical degradation of biologics in
aqueous solution is an impediment to their use and their shelf
life, thus limiting the wider adoption of these treatments. To
improve stability, protein products are usually dried to a solid
state by, for example, lyophilization (freeze-drying), commonly
used in industrial manufacturing of these drugs, which entraps
the protein in a glassy sugar matrix. This generally causes
slower degradation kinetics of the protein and thus the shelf
life may be increased to 2−3 years. However, lyophilization
does not completely stop degradation and can also have an
effect on the native structure and activity of the protein upon
resolubilization. One of the possible reasons for this is that a
small amount of water remains in the sample after
lyophilization.2−5 Thus, in this study, we will examine the
role of water and water content on the stability of dried
proteins. As controlling the degree of dehydration via
lyophilization is difficult to achieve, we start with dry,
lyophilized protein powders and rehydrate them to the
required water content.

Proteins in the dehydrated state possess different properties
compared to proteins in solution. When strongly dehydrated,
proteins may not only reversibly or irreversibly lose their
biochemical function but also undergo changes in dynamics (as
evidenced by changes in the glass transition) and structure.
Secondary structure changes can be monitored using vibra-
tional spectroscopy, which has shown that the α-helix content
decreases while the amount of β-sheet increases upon
dehydration.6−8 For many globular proteins, including
lysozyme, these changes are reversible.
The dehydration-induced structural transitions in proteins

can be explained by their inability to continuously fill the space
with the native globular shapes in the absence of water. The
inability to fill the space is equivalent to the formation of voids,
which would result in a drastic rise of the Gibbs energy of the
system due to high surface tension of the protein−air interface.
To prevent this, the protein molecules adopt structures that
can continuously fill the space.8,9
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Small-angle scattering (X-ray and neutron) is a powerful
technique to study the native size and shape of proteins in
solution.10 Typically, these experiments are conducted at dilute
(<10 mg/mL) protein concentrations, although at higher
protein concentrations, some information can be gained about
protein−protein interactions and aggregation of proteins.
From the scattering of a dilute protein solution, several
parameters can be directly obtained providing information
about the size, oligomeric state, and overall shape of the
molecule. In combination with theoretical simulation, it is
possible to determine a three-dimensional (3D) structure of
the molecules.11

In more concentrated liquid solutions, the protein might
behave differently due to the interplay between short-range
attraction and long-range repulsion interactions. Stradner and
co-workers12 have reported the existence of a low-angle
interference peak in small-angle X-ray and neutron scattering
(SAXS and SANS) for concentrated solutions of lysozyme at
low ionic strength and close to the physiological pH. They
found that the position of this interference peak was essentially
independent of the protein concentration and attributed these
unexpected results to the presence of equilibrium clusters of
individual protein monomers. In contrast to these reported
interpretations, Shukla and co-authors13 repeated the same
experiment using SAXS and SANS and found that the
correlation peak has a concentration dependence, which
might be due to increased repulsive interactions with
increasing protein concentration. They concluded that these
data do not reveal any equilibrium clusters, therefore.
As is mentioned above, proteins at dehydrated conditions

may have a different conformation when compared to proteins
at a high water content. These differences could also be
connected to the protein stability because of the formation of
the glassy state upon strong dehydration. There are few studies
on the structural transition in the solid state of protein using
scattering techniques: for example, SANS has been carried out
on dried formulations in the presence of excipients14−16 and
also SAXS.17,18 However, no SAXS and wide-angle X-ray
scattering (WAXS) studies discussing the change in protein
morphology under dehydrated conditions or dehydration-
induced intramolecular structural changes are found in the
literature.
Experimental X-ray scattering studies of proteins at low

water contents, including solid-state forms, are associated with
many practical difficulties. In particular, strong scattering from
the surface of particles can hide structural information that
could be obtained at small angles (low q-values). Furthermore,
traditional methods of background subtraction used for the
liquid state cannot be used because of, among other factors,
the low amount or absence of the liquid medium (liquid water
or buffer) and the difficulty of completely filling of the capillary
with a dry, powder sample. Despite these complications, in this
work, we will present a systematic study on the structural
changes of lysozyme from dehydrated to fully hydrated
conditions at room temperature using SAXS and WAXS to
shed some light on the change of the morphology of the
protein at different water contents. Lysozyme was chosen as a
model protein because of its well-known structure in the fully
hydrated native condition as well as its well-known
thermodynamic behavior at low water contents19 and its
reversible behavior during hydration and dehydration. More-
over, it can be used as a potential biotherapeutic agent for
cancer20 and antimicrobial treatments.21

2. MATERIALS AND METHODS

2.1. Materials. Lysozyme from chicken egg white (CAS
number 12650−88−3, Lot SLBL 7146V, 100% purity) was
purchased from Sigma-Aldrich and used as received. Another
batch of lysozyme (Lot SLBZ 2146) with a lower purity (96%)
needed dialysis and lyophilization, as detailed below, to remove
the impurities. Milli-Q purified water was used for all
experiments.

Dialysis. Lysozyme powder (Lot SLBZ 2146) was dissolved
in MiliQ water to reach a stock solution of 4 wt % protein at 20
°C. After all powder had dissolved, the stock solution was
filtered through a 0.2 μm Acrodisc syringe filter to remove
large-size aggregates before transferring to an Amicon
ultracentrifugal filter tube (Merck) with 3 kDa cutoff and a
maximum initial sample volume of 15 mL. Water was
exchanged several times (8−10 times) using centrifugation
(Becker, 4000g, 30 min). The solution was then adjusted to 2
wt % protein prior to lyophilization.

Lyophilization. The aqueous protein solutions cprotein = 20
mg/mL were lyophilized in a 4 mL glass vial (liquid filled
volume = 2 mL) in an Epsilon 2−6D LSCplus (Martin Christ)
freeze-dryer. During the freezing step, the shelf temperature
and cooling rate were set at −45 °C and 0.2 °C/min,
respectively, and held at −45 °C for 2 h. The primary drying
was done at −35 °C and 0.1 mbar chamber pressure for 10 h.
During the secondary drying, the temperature was raised to
−20 °C at a heating rate of 0.2 °C/min and kept at −20 °C for
5 h at 0.01 mbar. The temperature was then raised to 25 °C
with a ramp rate of 1 °C/min and held for 6 h. At the end of
the freeze-drying cycle, the chamber was filled with dry
nitrogen, and the vials were sealed and stored at −20 °C. This
process produces a solid cake with no collapse and a typical
moisture content of less than 3%.

Preparation of Rehydrated Lysozyme. Lysozyme was first
dried in a desiccator for 48 h using molecular sieves (type 3Å)
as sorbents. The amount of residual water in the powder after
drying was determined using thermal gravimetry analysis
(Q500, TA Instrument). Dry lysozyme powder of 20−100 mg
was rehydrated to the desired water content to produce
samples covering the hydration range from 2.5 to 99.6 wt %
water content.
Specifically, the rehydration of lysozyme was carried out as

follows. Samples with low water contents were prepared by
spreading appropriate amounts (ca. 100 mg) of dried lysozyme
on the cavity of a weighed glass microscopy slide. The slide
was placed in a desiccator with a vapor atmosphere from
various saturated salt solutions (corresponding water activity is
given in parentheses): Mg(NO3)2 (0.33), NaCl (0.75), KCl
(0.85), KNO3 (0.95), and K2SO4 (0.97) at ambient temper-
ature for a period of 5−7 days until the sample’s mass reached
stable values. The amount of water uptake was determined by
measuring the total mass of the powder and the slide before
and at the end of the incubation (Figure S1). The powder was
then transferred to glass capillaries (Hilgenberg GmbH,
Germany) of diameter of 1.5 mm (transfer time about 5−10
min). To compensate for possible water loss or gain during the
transfer to capillaries, all of the capillaries were then put back
to desiccators with saturated salt solutions for 2−3 days to
ensure that the samples returned to equilibrium. Capillaries
with hydrated lysozyme were sealed with vacuum grease and
then by a layer of nail polish (neither the grease nor the nail
polish came into contact with the lysozyme and the grease
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prevents the solvent from the nail polish interacting with the
sample) and left to equilibrate at room temperature. To ensure
the uniformity of the water distribution in lysozyme particles of
different sizes, we allowed the samples to equilibrate for a week
after vapor sorption. With this procedure, samples with water
contents up to 32 wt % were obtained.
For water concentrations of 33−50 wt % in which the

protein is in the form of a paste, the samples were prepared in
differential scanning calorimetry (DSC) aluminum pans by
weighing appropriate amounts (ca. 10 mg) of dried lysozyme,
adding the required amounts of liquid water and immediately
sealing the DSC pan by crimping.
For water contents above 55 wt % in which the samples are

in a liquid solution state, they were prepared one day before
the experiment and kept at 5 °C to avoid degradation.
2.2. Simultaneous SAXS/WAXS Measurements. Two

SAXS setups have been used, one of which was a standard
SAXS for liquid samples and the other one of which was used
for SAXS/WAXS measurements.
Small-angle X-ray scattering measurements for aqueous

dilute samples were performed at the Swing beamline at Soleil
Synchrotron (France) using an Aviex CCD detector. The
sample-to-detector distance was selected to cover a q-range
from 0.05 to 6.83 nm−1, with q = 4π sin θ/λ, where 2θ is the
scattering angle, and λ = 1.03 Å is the X-ray wavelength.
Samples of 2 and 4 g/L lysozyme were flowed through a
capillary cell22 to keep constant the sample thickness and the
parasitic scattering arising from the walls of the capillary.
Small- and wide-angle X-ray scattering (SAXS/WAXS)

experiments with concentrated liquid and solid samples were
carried out at the NCD-SWEET beamline at ALBA
synchrotron (Spain) using an X-ray wavelength of 1 Å. Two-
dimensional (2D) SAXS and WAXS images were recorded in a
SAXS detector PILATUS 1M (Dectris) located at a sample−
detector distance of 2.69 m and a WAXS detector LX255-HS
(Rayonix) at 0.12 m sample−detector distance, respectively.
The scattering vector, q, was calibrated with a silver behenate
sample. Reported scattering profiles I(q) were obtained by
radially averaging 2D SAXS images using the data reduction
scripts at the beamline. With this setup, a broad range of q-
valuesq = 0.007−5.6 nm−1 for SAXS and q = 5−85 nm−1 for
WAXSwas covered. The effect of radiation damage was also
checked before the measurement by exposing the diluted
solution samples in a series of very short time intervals for a
continuous exposure to the X-ray beam (2 min). The
experimental exposure time and the number of frames were
then selected for all samples to assure that there was no sign of
aggregation or structural changes due to radiation damage or
heating caused by X-ray.
Data Processing. A set of MATLAB scripts was created to

perform different steps in the data processing.
SAXS and WAXS data merging was performed by adjusting

the intensity of the entire WAXS data so that it matched the
SAXS data in the overlapping q-range.
The scattering from an empty sample container (glass

capillary or aluminum pan) was subtracted from the scattered
intensities of the sample. Since the transmitted X-ray intensity
values could not be collected due to technical issues with the
diode on the beam stop, the data were normalized by the
incoming beam intensity via the following equation:

= − ×I I I coefs sample empty (1)

where Is is the subtracted intensity, Isample is the scattered
intensity of the sample, Iempty is the scattered intensity from the
empty capillary/pan, and coef is an empirical coefficient to
compensate for variations in capillary/pan thicknesses and
powder filling density.
To keep the scattering patterns consistent for all samples

from dried to liquid states, the buffer subtraction is not
performed. Water is only subtracted for a very diluted solution
of lysozyme to determine the dimensions of the protein
monomer.
Peak deconvolution: The data were plotted on the log I vs q

scale and fitted with a combination of several Gaussian
components and a linear background via the equation

= × − −y a e x b c( ) /22 2

(2)

where y is the subtracted intensity, x is the q-value, a is the
peak height, b is the peak position, and c is a fitting parameter
related to the full width at half-maximum (FWHM),

=
×

c FWHM
2 log 2

.

Most of the scattering curves were fitted by applying the
script for the range of q-values 2−22 nm−1. Some data
obtained from the high-water content samples (above 60 wt %
water) were divided into two separate ranges for a better
selection of the baseline.

3. RESULTS

3.1. Overview of the Phase Behavior of the
Lysozyme−Water System. Upon rehydration of the dried
lysozyme powder, different states of the samples can be
observed visually depending on the amount of water. For water
content below 35 wt %, the samples are in the solid powder
state. Between 35 and 55 wt %, it becomes a soft paste and we
also observe a two-phase system consisting of a solution and a
soft gel of lysozyme. Above 55 wt % water, the samples appear
to be clear aqueous solutions.

3.2. SAXS/WAXS Results. A SAXS experiment on the
lysozyme in dilute solution (xH2O = 99.6 wt %) was
performed to confirm the size of the lysozyme molecule at
these conditions (Figure 1). The data were fitted with a sum of
two models: an ellipsoid model for the high q-value regime (q
> 2 nm−1) and a Guinier−Porod model for the lower q-value
regime. The fitting of the data with an ellipsoidal model yields
dimensions (half-axis) of 2.72 nm (±0.008 nm) × 1.55 nm
(±0.003 nm), in reasonable agreement with published results
for lysozyme.23 The volume of lysozyme determined from
these data is 27.37 (±0.187) nm3. This value is higher than the
value obtained via the density of lysozyme of 1.4 g/cm3

( = =
ρ×V 16.96 nm

M

Nlys
3lys

A lys
). The discrepancy probably arises

from the fact that the first hydration shell of the protein has a
higher density than the bulk water,24 which apparently
increases the protein volume when probed by X-ray scattering.
It should also be noticed that even at this highly diluted
condition, a small fraction of lysozyme aggregates was
observed, which contribute to the low q upturn. A detailed
analysis of the fitting can be found in the Supporting
Information (SI) (Figure S2). A generated scattered intensity
of lysozyme from PDB using Crysol was also plotted in the
same graph and showed a good agreement with the
experimental data in the middle q-range. We, however, note
an obvious limitation of the ellipsoidal model since it is not
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able to describe the internal structure of the protein molecule
and the intricate details of its surface. As a consequence, there
is a clear difference between the ellipsoidal model curve and
the Crysol-generated intensity at high q-values.
The structure of lysozyme at different levels of hydration,

ranging from a few percents of water in powder to solution,
was investigated using simultaneous SAXS and WAXS. The
scattering data cover a q-range from 0.1 to 30 nm−1, in which
the intra- and intermolecular correlations of length scale
ranging from 0.2 to 60 nm could be probed.
An overview of the scattering patterns of lysozyme at

different water contents is shown in Figure 2. Most of the
structural information in the scattering data appears in the
form of correlation peaks, of which the q-value of maximum
intensity together with the corresponding correlation distance
is noted in Table 1. The nature of the peaks will be described
in the discussion part.
At water contents below 14 wt %, where the samples are still

a powder, the scattering curves show a power law dependence
of the intensity at q < 1 nm−1 with a slope of −4 (Figure 2a).
The presence of the so-called Porod slope can be explained by
the scattering from the solid protein−air interface of lysozyme
powder particles. At q > 1 nm−1, various correlation peaks can
be clearly identified: at q = 2.5 nm−1, which corresponds to a

Figure 1. SAXS pattern of lysozyme in the dilute aqueous solution
Cprotein = 4 g/L. The solid red line is the fit to SAXS data using a sum
of a Guinier−Porod and an ellipsoidal model. The green line is the
generated intensity from the lysozyme structure in PDB using Crysol.

Figure 2. Hydration-level dependence of scattered intensity I(q) of lysozyme at 25 °C. Samples shown in (a), (b), and (e) were studied in
capillaries, while samples shown in panels (c) and (d) (water contents from 29 to 48 wt %) were studied in aluminum pans. For clarity, each SAXS
curve is plotted with an offset in the vertical axis.
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distance of d = 2.5 nm, q = 6.1 nm−1 (d = 1 nm), and q = 14
nm−1 (d = 0.45 nm). The peak around q = 2.5 nm−1 slightly
shifts from 2.6 to 2.4 nm−1 with increasing water content, while
the peak at q = 14 nm−1 becomes broader with the appearance
of a shoulder on the right-hand side of the peak position. The
peak at q = 6.1 nm−1 shows concentration independence for
this hydration regime.
With increasing water content from 14 to 35 wt %, the

lysozyme samples are still a solid powder. Figure 2b represents
the scattering patterns of lysozyme in this regime of hydration.
At low q-values, the intensity has the same power law
dependence on q as at lower water contents. However, at
higher q-values, the peak at q = 2.5 nm−1 is absent and a new

peak at q = 4.5 nm−1 appears, which shifts to lower q-values
with increasing water content. It should be noted that the
measurements on the lysozyme in the aluminum pan at
different water contents from 16.9 to 34 wt % water show the
presence of the peak at q = 2.5 nm−1 (Figure 2c). The peaks at
q = 6.1 nm−1 and q = 14 nm−1 are also observed in this
hydration regime in all sample holders. In addition, a new peak
at q = 18 nm−1 starts to develop.
Figure 2d shows the scattering patterns of lysozyme in the

range 35−55 wt % water in which the lysozyme samples
become a soft paste at water contents below 40 wt % and a
two-phase system of a soft paste and a solution of lysozyme
above 40 wt % water. In this regime, the samples are very

Table 1. Assignment of SAXS/WAXS Peaks Obtained from Lysozyme Samples with Different Water Contents at 25 °C

peak position q
(nm−1)

distance d
(nm) structural origin water contents

0.90−0.97 6.30−7.00 protein−protein interaction in liquid solution xH2O > 50 wt %
2.09−2.61 2.41−3.01 intermolecular correlation; the d-value proportional to protein−protein

distance
xH2O < 35 wt %

3.00−4.00 1.57−2.09 first submaxima of the form factor of lysozyme in solution xH2O > 50 wt %
4.10−5.00 1.26−1.53 half of the protein−protein distance xH2O < 35 wt %, especially 14−35 wt %
5.50−5.80 1.08−1.14 second peak of the form factor including a hydration shell (low intensity) all water contents
6.00−6.20 1.01−1.05 interactions between α helixes (similar to the lysozyme PDB structure) all water contents
7.00−12.00 0.52−0.90 secondary structures all water contents
14.00−15.00 0.42−0.45 interatomic distance (hydrophobic groups) all water contents
17.00−18.50 0.34−0.37 interatomic distance (water and hydrogen-bonded atoms) all water contents

Figure 3. Gaussian deconvolution of the experimental scattering data for different water contents and theoretical data generated by Crysol from
PDB.
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sticky, which makes the transfer to a capillary for SAXS/WAXS
measurements difficult. Therefore, the samples are prepared in
aluminum pans and sealed to prevent water loss. Figure 2d
represents the scattering patterns in this hydration regime.
Numerous Bragg peaks dominate the q-range from q = 1 nm−1

in the SAXS range up to the WAXS range, which are due to the
lysozyme being partly crystalline at this level of hydration. As a
result, the structural information of lysozyme in the form of
correlation peaks cannot be identified in this range. Never-
theless, as a “baseline” under the Bragg peaks, we could
observe a gradual recovery of the first submaxima of the
lysozyme form factor around q = 3.5 nm−1 with increasing
water content.
In the regime of water content above 55 wt %, the samples

are clear aqueous solutions. The scattering patterns in this
hydration regime (Figure 2e) show a broad peaklike feature at
q = 1 nm−1 followed by another peak at q = 3.5 nm−1 in the
SAXS range. The peak at 3.5 nm−1 originates from the first
maxima of the monomer form factor of lysozyme in the native
state and is also found in the scattering pattern from the dilute
lysozyme solution, as well as from the PDB structure of
lysozyme (see Figure 1). At larger q-values in the WAXS range,
where the internal structures of lysozyme are probed, similar
correlation peaks at q = 6.1 nm−1, q = 14 nm−1, and q = 18
nm−1 are found, as are observed in the lower hydration regime.
The peak at q = 18 nm−1 is known to arise from the water and
hydrogen-bonded atoms of the protein.25 At the highest water
content of 85 wt %, the water peak dominates the scattering in
this q-range, and the peak at q = 14 nm−1 is not observed.
3.3. Gaussian Deconvolution of the Scattering Data.

To obtain more accurate peak positions, a peak deconvolution
procedure is used to fit multiple Gaussian peaks to the
scattering data, as well as a term for a linear baseline, as
described in the Methods section. For most of the data, the q
limit is fixed from 2 to 21 nm−1 for the deconvolution
procedure. In some cases where the determination of a linear
baseline is complicated for the whole q-range, we have
separated the q-values for the deconvolution into two ranges,
q1 = 2 to 8 nm−1 and q2 = 8 to 22 nm−1. Examples of the
Gaussian deconvolution for lysozyme at different water
contents together with Crysol data and the deconvoluted
peak positions are given in Figure 3 and Table 2, respectively.
More complete data can be found in Table S1 (SI). The
deconvolution of the theoretical data in a q-range of 2.7−20
nm−1 yielded five different peaks: at q = 6.15 nm−1, at q = 14
nm−1, at q = 18 nm−1, and q around 3−4 and 8−12 nm−1.
These peaks are all present in the experimental data using the
deconvolution. Apart from the peaks that are inherited from
the lysozyme structure, the peaks arising at q = 2−3 and 4−5
nm−1 originated from the arrangement of lysozyme molecules.
The absolute values of the intensity of the peaks are not

quantitatively considered here because of the difficulties
associated with accurate background subtraction for solid

samples, as explained in the previous sections. On the other
hand, as the peak in the q-range 6.0−6.2 nm−1 is present in all
data, it is possible to normalize the intensity to the intensity at
q = 6.0−6.2 nm−1 to monitor the changes of peaks with
changing water contents. In Figure 4, scattering data with the

applied linear baseline for the deconvolution are plotted in a
log-lin representation of the normalized intensity as a function
of q-values for different water contents.
The evolution of the peak positions as a function of water

contents is shown in Figure 5. Figure 5a shows a linear
decrease in the q-values of the peak position in the q-range of
2−3 nm−1 with increasing water content for both samples
measured in capillaries (blue symbol) and in aluminum pans
(red symbol). This correlation peak appears only at water
content below 35 wt % when the protein samples are still in a
powder form. Above 11 wt % water, a steeper decrease in the
q-values of the peak is observed for samples in aluminum pans.
It should also be noticed that in the samples measured in the
capillaries, the intensity of the peak in this q-range is very small
and often could not be obtained by deconvolution due to the
dominance of adjacent peaks. On the contrary, for samples
measured in aluminum pans, the peak is clearly observed.
In Figure 5b, the evolution of the peak positions in the q-

range of 3−4 nm−1 is shown. A general trend of a decrease in
the q-values of the peak positions could be identified in two
different water regimes at below 35 wt % and above 55 wt %.
The gap in the range of water content 35−55 wt % is due to
the fact that the lysozyme is at least partly crystallized at this
hydration level, and as a result, the scattering signal is
dominated by the intense Bragg peaks from lysozyme crystals.

Table 2. Peak Positions Obtained by Fitting the Scattering Data in Figure 3 Using Gaussian Deconvolution

q-range (nm−1)

water (%) 2−3 3−4 4−5 5.3−5.8 6−6.2 6.5−9.0 9−12 13−15 17−19

2.5 2.60 3.54 4.60 5.57 6.20 7.04 9.46 14.34 17.93
14 2.45 3.46 4.35 5.60 6.08 7.12 8.97 14.60 18.05
30.9 2.10 3.24 4.26 5.61 6.20 7.76 9.85 14.10 17.09
53.8 3.33 5.58 6.16 6.87 11.04 14.62 18.07
Crysol 3.28 6.15 8.64 14.62 18.19

Figure 4. Hydration-level dependence of the normalized scattering
intensity log(I(q)/I(6.1)) of lysozyme at the water content indicated
in the legend. A similar representation of the protein form factor
generated by Crysol is plotted for comparison.
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The evolution of the peak positions in the q-range of 4−5
nm−1 is shown in Figure 5c. Similar to Figure 5a, a linear
decrease is observed in the q-values of the peak position with
increasing water content. The results from samples measured
in aluminum pans show a steeper decrease than those obtained
from samples in capillaries.
Figure 5d represents the results obtained by the

deconvolution of the scattering peaks at q = 5.5 nm−1 and q
= 6.5 nm−1. These two peaks do not change for all of the water
contents and are independent of the type of sample containers.
Figure 5e represents the evolution of the peaks at q = 14

nm−1 and q = 18 nm−1. These peaks are present at all water
contents and show a slight increase of q-values on increasing

the water content. From the deconvolution, a low-intensity
peak in the q-range of 8−10 nm−1 (SI), which could be related
to the secondary structure of lysozyme, was obtained.

4. DISCUSSION

4.1. SAXS/WAXS Peak Positions and Structural
Organization of Lysozyme on Different Length Scales
at Different Water Contents. The positions of SAXS/
WAXS peaks at different water contents provide valuable
information about the evolution of the protein structure upon
hydration/dehydration. The peaks registered in our experi-
ments correspond to a broad range of characteristic length
scales: from those exceeding protein sizes down to typical

Figure 5. Evolution of the peak positions after the Gaussian deconvolution of scattering data of samples measured in capillaries (blue symbols) and
in aluminum pans (red symbols) in the q-ranges 2−3 nm−1 (a), 3.0−4.0 nm−1 (b), 4.0−5.0 nm−1 (c), 5.5−7.0 nm−1 (d), 14−15 nm−1, and 17−19
nm−1 (e). Error bars are determined as described in Section 3.3.
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interatomic distances (see Table 1). Based on these character-
istic lengths and also on the literature data, we suggest that the
peaks seen in the SAXS range (q-values below 5 nm−1) arise
from scattering from the overall shape of the protein molecules
and from protein−protein correlations. The peaks in the
WAXS range (q-values above 5 nm−1) arise from the
intramolecular structure of the protein, including the
secondary structure and interatomic correlations. Below, we
will discuss further details, starting from the evolution of the
overall shape and intermolecular arrangement of proteins as
dependent on water content; then, we will discuss the effect of
hydration on the intramolecular structure of proteins based on
the properties of WAXS peaks.
4.2. Evolution of the Shape and Intermolecular

Arrangement of Lysozyme Molecules as a Function of
Hydration. 4.2.1. Nanostructure of Solid Lysozyme Powder
at Water Content Below 35 wt % (Peaks at q = 2.6 and 4.5
nm−1). In the dried powder and at low water content, the
correlation peak at q-values around 2.5 nm−1 (Figure 2a) is
clearly seen. A peak in a similar q-range has been reported
before by SANS in lyophilized formulations of lysozyme as well
as mAb formulations and was characterized as a protein−
protein interaction peak.14−16 For a better understanding of
the intermolecular structure corresponding to this peak, it is
instructive to consider it in relation to the 4.5 nm−1 peak that
has a similar dependence on water content (see Figure 5a,c)
and thus also arises from protein−protein interactions. In this
section, we will consider these peak positions in the dry limit
and in the following section evaluate their dependence on
water content. The d-value (d = 2π/q) corresponding to the
2.6 nm−1 peak is around 2.41 nm, which roughly corresponds
to the size of the lysozyme molecule, while the d-value of the
4.59 nm−1 peak (1.37 nm) is closer to half of the lysozyme
molecule size. The ratio of the d-values mentioned above is
0.87, which is very close to √3/2. Such a ratio is typical for
systems exhibiting hexagonal arrangements; see, for example,
Figure 6 (left-hand side). In this 3D arrangement, hexagonal
layers can form, for example, hexagonal close packed (HCP)
and face-centered cubic (FCC) structures, which provide the
highest possible packing densities. According to the schematic
in Figure 6, the distance between the protein molecule centers
dcc is 2.78 nm, corresponding to the 2.6 nm−1 peak divided by
0.866. We note, however, that the arrangement described here
corresponds only to the short-range order and the long-range
order is absent at these conditions.
In some samples (mostly in experiments with Al pans and at

slightly higher water contents above 14%), the ratio of the q-
values of the two peaks was close to 2 (see Figure 5a,c). This
suggests that two different structures could be formed

depending on the history of the sample and the method of
its preparation. An example of the structure where the
destructive interference would not eliminate the peak
corresponding to the center-to-center distance is shown in
Figure 6 (right-hand side). The arrangement of the molecules
in the amorphous sample can be between the structures shown
in this figure and can also change with concentration.
Below, we will try to further relate the protein−protein

correlation distance to the expected shape and 3D packing of
the molecules.
Protein molecules in solution can move due to thermal

fluctuations (Brownian motion), and the protein solutions can
macroscopically flow when external forces are applied.
However, upon gradual dehydration, when the volume fraction
of the molecules increases above certain critical values, they are
no longer freely moving, and the system starts to behave as an
amorphous solid. At these conditions, the molecules are
sometimes referred to as “arrested”.26 For lysozyme, it was
recently reported that the protein concentration of the arrest
transition is 35 vol % (which corresponds to water content of
about 57 wt %).27 The lysozyme molecule still adopts a size
and shape close to the native lysozyme (observed in dilute
solutions) at these conditions. Upon stronger dehydration, as
has been shown using other techniques such as Fourier
transform infrared (FTIR)6,7 and Raman techniques,8 the
protein molecules assume different conformations than in
liquid. Moreover, freeze-dried proteins absorb 2 orders of
magnitude less nitrogen than water,28 which strongly suggests
that they adjust their shapes to fill the space. These shapes are,
however, difficult to establish experimentally. Due to extreme
crowding and the absence of a clear solvent−protein interface,
the form factors of the molecules do not contribute to the
experimentally observed scattering intensity. The only
structural information available is the correlation peaks’
positions.
Ignoring the subnanometer details, the result of the

deformation of the lysozyme molecules can be compared
with Voronoi tessellation of the 3D space. The resulting
partition will, however, be dependent on the positions of the
centers (generating points). The information obtained from
the correlation peaks from scattering experiments describes
only the distances between these centers and the interplanar
distances but not the particular details of the geometrical
arrangements. However, for practical applications such as in
pharmaceuticals, protein conformation is the most valuable
information. Hence, we will try to evaluate possible molecular
conformation based on the data on the local arrangement of
the molecules in the lattice structure. Here, we will test several
ordered and disordered arrangements and deduce the resulting

Figure 6. Schematic of the possible shape of distorted protein molecules and imaginary spheres. The horizontal arrows indicate the protein−
protein distance dcc, while the vertical arrows in the hexagonal structure are the interplanar distance d, which corresponds to the peak around q =
2.5 nm−1.
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distance between the centers. As a mathematical abstraction,
we draw imaginary spheres inside the structures obtained after
distortion (see Figure 6). Since the packing of equally sized
spheres is a well-known mathematical problem, we will use
them for testing possible options for the packing of protein
molecules. For lysozyme, this is an approximation since
lysozyme has an ellipsoidal shape in dilute solutions. On the
other hand, in the absence of water, the new adapted
conformation most probably does not have the same aspect
ratio as the native shape in solution due to the properties and
spatial arrangement of α and β domains of the lysozyme
molecule.
The volume fraction, φ, occupied by a sphere is

φ =
V

V
sphere

total (3)

where Vtotal is the total volume (continuously filled with
lysozyme molecules). This parameter could be determined by
dividing the molecular mass by the density of the protein (we
will use the value of 1.4 g/cm3). Then, using the formula for
the volume of a sphere, one can write

φ
ρ π

= =
× × ×

×
V

V
N d

M 6
sphere

total

A cc
3

lys (4)

From this, it follows that the sphere diameter and also the
protein−protein distance is

φ
ρ π
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d

M

N

6
cc

lys

A

3

(5)

Using eq 5, one can calculate the distances corresponding to
different packing geometries, if the volume fraction of the
packing is known. One should stress, however, that this volume
fraction does not represent the concentration of the protein,
but rather a mathematical abstraction for testing different
packing arrangements.
In Table 3, we illustrate different options for the packing of

the lysozyme molecules and the correlation distances

corresponding to them. In all cases, the calculated distances
are in reasonable agreement with the protein−protein distance
observed experimentally. The best agreement is seen in the
cases of HCP, FCC, and random close packing. This indicates
that the short-range order in lysozyme at low water contents
can be similar to local arrangements in those three structures.
One should however keep in mind that a discrepancy may arise
from the fact that the lysozyme protein has an ellipsoidal shape
in dilute solutions, which may be partly retained in the solid
state. It can be expected that the “stretching-out” of the cells
obtained by tessellation of the space (keeping their volumes
constant) will decrease the shortest protein−protein distances.
Dependence of the Intermolecular Structure on the

Water Content. Upon being exposed to water vapor at

controlled relative humidity, the dried powder of lysozyme
absorbs water and undergoes swelling as water enters the space
between the protein molecules. It is important to realize that
the protein structure is not opened by hydration or
dehydration, but to some extent, the molecules can change
their conformations while still being folded. The amount of
water uptake has an important effect on the peak position and
the corresponding interprotein distances. Indeed, the positions
of the correlation peaks progressively shift to lower q-values,
which correspond to an increase of the protein−protein
distance by 0.3 nm, as observed in Figure 7a (blue data
points).
It is well known that addition of water leads to a glass

transition of the protein.29 For lysozyme, it has been reported
that the glass transition occurs at a water content of 11 wt %.30

It has also been reported that lysozyme undergoes a glass
transition in a broad range of water contents from 11 to 20 wt
% at 25 °C instead of a stepwise transition, as observed in
synthetic polymers and thermally denatured proteins.31 The
authors also reported a critical water concentration of 35 wt %
at which the properties of the system clearly change upon slow
dehydration. Later, it was shown that this concentration
corresponds to the minimum water content required for filling
the space with natively shaped lysozyme molecules.8

As the water content increases, the distance between the
centers of the protein molecules increases too. We will assume
that the swelling of the protein sample is isotropic and in
general can be described via the following equation:

= +d a a rcc
3

0 1 w (6)

where dcc is the distance between two neighboring protein
molecules, rw = mw/mp is the water-to-protein mass ratio, and
a0 and a1 are coefficients of linear regression. The d

3 values are
proportional to the cube of the center-to-center distance: d3 =
dcc
3 × 33/2/8, and their dependence on rw is shown in Figure 7b.
To discuss the meaning of the experimentally observed linear
regression coefficients, we will use the same approach as
described above, i.e., assume that the interprotein distance can
be described by the distance between the centers of imaginary
spheres drawn inside the distorted molecules. In the case when
both water and the protein are present, the volume fraction of
spheres can be expressed as
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Rearranging this equation, one obtains
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where ρ̅p is the density of protein relative to the density of
water. In terms of d, this can be expressed as follows:

φ

π
ρ=

×
+ ̅d

V
r

3.897
(1 )3 sph p
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Table 3. Center-to-Center Distance between Solid Spheres
after Deformation

packing φ dcc (nm)

cubic 0.5236 2.5693
hexagonal close packing and face-centered cubic 0.74048 2.8840
random close packing 0.64 2.7472
random loose packing 0.55 2.6118
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Using the dependence presented in Figure 7b (black line),
one obtains the values of the intercept with the y-axis and
slopes of 14.3 and 11.8 nm3, respectively. When using the
trend with higher d3 values (green line), the intercept and the
slope are 10.5 and 37.4 nm3, respectively. If one extrapolates
the water content to zero, one can estimate from eq 10 the
volume fraction of spheres φsph, which is 0.68 for the black
dependence. This fraction lies between the values for random
close packing and hcp/fcc, in agreement with the discussion
above.
According to eqs 9 and 10, the ratio of the slope of the linear

dependence to the intercept of the y-axis should be equal to
the relative density of the protein. This ratio, calculated from
the slope obtained from the black line in Figure 7b, gives a
value of relative density of 0.83, while the steeper trend (green
line) is 3.57. It is easy to see that in the first case the relative
density at the higher water content is underestimated, while in
the second case it is overestimated. This corresponds to too
low and too high swelling (compared to the expected isotropic
3D swelling behavior), respectively. This fact shows complexity
of the structure of the dehydrated lysozyme and once again
suggests that the peaks observed here reflect only a local short-
range order in the system. The total structure might be thought
of as a superposition of two or more local structures that
exhibit different swelling properties.
4.2.2. Nanostructure of Lysozyme at Water Contents

above 35 wt % (Peak at q = 3.5 nm−1). In the q-range of 3−4
nm−1, the scattering patterns in the dilute aqueous solution
showed a broad peak with a maximum around 3.5 nm−1

(Figure 1). As mentioned in Section 3.1, the peak originates
from the form factor of the lysozyme, i.e., the data can be partly
fitted to a prolate ellipsoid with a radius of 2.72 (±0.008) ×
1.55 (±0.003) × 1.55 (±0.003) nm.
As the water content is increased, the peak position slightly

shifts to lower q-values (from 3.4 to 3.3 nm−1; see Figure 5b).
This small change might be due to the variation in side-chain
conformations, while the general shape of the native protein
remains the same. Indeed, in more concentrated solutions, the
side chains are in a more confined environment, where more
folded conformations (or interpenetration) of side chains are
expected, giving rise to effectively more compact structures.
4.3. Effect of Hydration on the Intramolecular

Structure of Lysozyme Based on WAXS Data. 4.3.1. Evo-
lution of the Peak Position in the Range of q = 5.5−7.5
nm−1. In the range of q = 5.5−7.5 nm−1, three different peaks

can be identified and appear to be present for all of the water
contents (Figure 5d), namely, at q-values of 5.5−5.7, 6.0−6.2,
and 6.5−7.5 nm−1.
As mentioned earlier in the Gaussian deconvolution section,

the peak in the q-range 6.0−6.2 nm−1 is present in all
experimental data as well as in the Crysol data. It is clear that
this peak is due to the protein structure. Hirai et al.32 simulated
scattering curves using the Debye equation and showed that
this peak originated only from the signal of the α-helixes, i.e., it
represented the correlation distance between α-helixes. In
another study, Makowski et al.33 used the atomic coordinates
of a large set of protein domains to predict the WAXS patterns.
They have also reported that the peak position at d = 1 nm (q
= 6 nm−1) characterizes the distance between α-helixes.
It is a well-established fact that upon dehydration the

amount of α-helixes in lysozyme decreases.8 Still, the peak at
6.1 nm−1 is clearly seen in the entire range of concentrations,
including the dry state, but with reduced intensity (area under
the peak). This supports the idea that the α-helix content only
decreases but does not disappear upon dehydration.
The peak in the q-range 5.5−5.7 nm−1 is present in all of the

concentration ranges. The peak position does not change with
changing water content (Figure 5d); however, an increase in
the peak intensity (normalized to the intensity of the peak at q
= 6.1 nm−1) is observed (Figure 4). The fact that this peak
does not appear in the Crysol data could be explained possibly
by the contribution from the hydration shell. As the water
molecule at the border layer is denser than the bulk water
(typically 1.05−1.25 times),24 the electron density difference
between the two densities of water could give rise to such a
peak. The inclusion of the hydration shell in the analysis of the
lysozyme crystal structure could show a much better
agreement between theoretical calculated and experimental
data. The signal from the hydration shell also showed an
additional small peak at q around 5.7 nm−1.3434

The third peak obtained by deconvolution in the q-range
6.5−7.5 nm−1 is also present in all of the concentration ranges.
This peak, together with the low-intensity peak in the q-range
9−12 nm−1, could be related to different secondary structures
in the protein molecule. As mentioned earlier, the secondary
structures change dramatically on changing the water contents
as studied by Raman and FTIR techniques. However, it is not
easy to observe the change in the case of SAXS/WAXS as the
position and the intensity of the peak greatly depend on the
baseline selection.

Figure 7. (a) Evolution of the correlation distance as a function of the water content for samples measured in glass capillaries (blue symbols) and
aluminum pans (red symbols). (b) Three-dimensional swelling of lysozyme in the solid state. The lines are linear fits to the data.
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4.3.2. Evolution of the Peak Position in the Range of q =
14−15 nm−1. The peak at q = 14 nm−1 probes the structure in
the length scale of 0.45 nm. This correlation distance could be
related to the interatomic distance of the lysozyme between,
for example, polypeptide groups and hydrophobic functional
groups.35

The q-range = 14−15 nm−1 covers different structures in the
length scale of 0.45−0.52 nm. This length scale characterizes
the strand-to-strand correlation distance in β-sheets at d = 0.47
nm as well as the C-to-N distance between CO and N−H
groups of polypeptide main chains that are present in both α-
helixes and β-sheets. The interactions between hydrophobic
groups (CH3, CH2, and CH) should also result in the same
separation. Since these features are always present in the
protein independent of the hydration, the peak position is
almost invariant with the water content (see Figure 2d).
4.3.3. Evolution of the Peak Position in the Range of q =

17−19 nm−1. In this q-range, the peak around 18 nm−1

represents the hydrogen-bonded atoms in water and the
protein.36 In pure water, this peak is, however, at 20 nm−1,
corresponding to slightly shorter distances than in the protein
solution.
On moving from dry powder to dilute solution, we observe a

slight increase in the q-value of the peak position. This could
be explained by the fact that H-bonds that are formed in bulk
water on average are shorter than intraprotein H-bonds. The
formation of the first hydration layer, which has a higher
density than the bulk water,37 would not affect the general
trend.
4.4. Structural Changes of Lysozyme at Different

Water Contents and Their Implications for Protein
Stability. The evolution of the peak positions and intensities
as a function of the hydration level is a valuable source of
information that, in combination with other methods, reveals
the structure of the protein−water system at different
hydration levels. The data presented here show that below
35 wt % water, the lysozyme molecules are distorted to fulfill
the space-filling requirements. The distortion of the overall
structure in the dry conditions, together with other stresses
during/upon dehydration, reversibly changes the native
structure of the protein. The evolution of the protein−protein
correlation peak position shows a 3D swelling upon hydration,
which occurs even in the glassy state (below 10 wt % water)
when the dynamics of the system are expected to be very slow.
In the concentration range of 35−55 wt % water, lysozyme

undergoes spontaneous hydration-induced crystallization even
if the dry material is fully amorphous. At higher water contents,
the protein is in the native state (as seen from the comparison
between the simulated scattering pattern from PDB and the
experimental SAXS/WAXS data), but protein−protein inter-
actions still have an effect on the scattering pattern evolution as
a function of water content. The fact that lysozyme has
different structures at different water contents has a direct
effect on their thermal stability. Indeed, in excess water,
unfolding of the protein is a cooperative process in which the
native and unfolded states are in equilibrium.38 Under the
physical stresses caused by distortion and dehydration
processes, the equilibrium will shift because the stresses affect
the native and denatured structures differently.
To obtain a detailed picture of the hydration effects on

protein stability, in situ time-resolved temperature SWAXS
studies of proteins with different hydration levels would be

needed. These studies are currently being performed by our
group and will be published as a separate study.
SWAXS appears to be an effective method for monitoring

the structural changes associated with the overall shape of the
protein molecules. It would be interesting to use this method
to investigate other proteins at different hydration states that
exhibit poorer stability than lysozyme to establish a method to
track the degradation pathway of solid-state proteins.
The monitoring of the changes in secondary protein

structures using SWAXS is, however, a challenge that requires
better procedures for background subtraction, matching data
from different detector positions and scattering intensity
deconvolution. It should be noticed that the secondary
structures of lysozyme undergo dramatic changes as reported
using Raman and FTIR techniques.2,8 From the data presented
here, one can conclude that the onset of the changes in
secondary structures coincides with the onset of the overall
structural changes as observed by SAXS/WAXS.
Studies of the swelling of protein at low water contents using

SWAXS should be combined with studies of the thermody-
namic behavior of the protein. In this way, the relationship
between structural changes and the glass-transition behavior of
the protein−water system can be established.

5. CONCLUSIONS
Simultaneous SAXS and WAXS have been used to characterize
the structure of lysozyme in the solid state after freeze-drying
and their structural changes upon rehydration to an aqueous
solution. We have demonstrated that the protein molecules
undergo deformation to pack closely together at low water
contents. The native structure of the protein is replaced by a
distorted structure, which allows the protein molecules to
continuously fill the space that may be formed during freeze-
drying. During rehydration, the material starts to absorb water
and swelling of the system occurs. A change in the swelling
behavior around 11 wt % water is observed, which is the
expected onset of structural and dynamic transitions, i.e., a
certain amount of water is needed to activate these transitions.
When the uptake of water reaches 35 wt %, the protein
molecules start to crystalize, which implies that the native
structure of the protein is recovered. These changes in protein
morphology may play a crucial role in determining a protein’s
thermal stability, shifting the denaturation conditions com-
pared to the native state, or causing nonequilibrium effects in
the denaturation processes. Although the WAXS data have not
yet provided definitive evidence for the secondary structural
changes due to both low resolution and the necessary
averaging of different structural patterns, various secondary
structural features of the protein could be identified and can
serve as a reference to compare with other techniques such as
vibrational spectroscopy or NMR.
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pattern of lysozyme in crystalline and diluted regimes
(Figure S3) (PDF)
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