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Dynamical properties of water in living cells
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With the aim of studying the effect of water dynamics on the properties of biological systems, in
this paper, we present a quasi-elastic neutron scattering study on three different types of living cells,
differing both in their morphological and tumor properties. The measured scattering signal, which
essentially originates from hydrogen atoms present in the investigated systems, has been analyzed
using a global fitting strategy using an optimized theoretical model that considers various classes
of hydrogen atoms and allows disentangling diffusive and rotational motions. The approach has been
carefully validated by checking the reliability of the calculation of parameters and their 99% confidence
intervals. We demonstrate that quasi-elastic neutron scattering is a suitable experimental technique
to characterize the dynamics of intracellular water in the angstrom/picosecond space/time scale and
to investigate the effect of water dynamics on cellular biodiversity.
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1 Introduction

The relevance of water structure and dynamics in bio-
logical systems is widely recognized in the scientific lit-
erature [1]. As far as neutron scattering experiments
are concerned, evidence of the essential role of water
originates from polypeptides and protein powders, where
the activation of functionally relevant motions (the so-
called protein dynamical transition –PDT) has been re-
lated to the physical properties (structure and dynam-
ics) of hydration water [2, 3], up to intact cells, where
the presence of water reaching up to 80% of the total
weight is required to preserve their function [4, 5]. Wa-
ter dynamics in intact cells has been the subject of ex-
tensive investigations using quasi-elastic neutron scatter-
ing (QENS) and nuclear magnetic resonance (NMR), for
more than 30 years [6]. However, no consensus about wa-
ter diffusion coefficient(s) inside cells has been reached
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yet [1], while apparently contradicting results have been
reported, giving rise to intensive debates in the litera-
ture. In fact, QENS studies on E. coli [7, 8] and red
blood cells [9] showed that the short-range (subnanome-
ter scale) translational dynamics of the majority of in-
tracellular water is essentially unaltered with respect to
bulk water, while only a small fraction has a dynam-
ics slower by one order of magnitude. Conversely, in
the case of Haloarcula marismortui (Hmm; an extremely
thermophilic bacterium), both the fraction of slow wa-
ter molecules and the extent of slowing down was found
to increase dramatically. Interestingly, NMR studies of
water rotational dynamics in the same cells [10] reported
very similar results for E. coli and Hmm, i.e., a majority
of intracellular water with bulk-like rotational dynam-
ics and only a small fraction with one order of magni-
tude slower dynamics. This points out the necessity of
further investigations where the effects of cellular biodi-
versity are taken into account, and the different types
of motions are properly disentangled. In this paper we
present a QENS study on water dynamics in three widely
different living cells (E. coli, yeast Schizosaccharomyces
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pombe cells, and rat Glioma-9L tumoral cells). The aim
of the work is to study the effects of biodiversity by ap-
plying an optimized theoretical model that allows dis-
entangling various types of motions to the analysis of
QENS data. A particular emphasis is placed on the val-
idation of the model and on the careful verification of
the reliability of the results obtained by the fitting pro-
cedure.

2 Materials and methods

2.1 Samples

Cells used for the experiments were:

• Escherichia coli strain BL21(DE3)pLysS (Promega,
Fitchburg, WI, USA). Cells colonies were grown
on Luria-Bertani Agar medium plate at 37◦C
overnight. One colony was dissolved in 250 mL of
Luria-Bertani medium and let to grow overnight at
37◦C under gentle stirring (250 rpm).

• Rat Glioma-9L cells (American Type Culture Col-
lection, Manassas, VA); CRL-2200, were grown in
Roswell Park Memorial Institute medium (RPMI)
1640 supplemented with 10% FBS and (100
units/ml) streptomycin (100 µg/ml). Cells were
grown in tissue culture dishes in a humidified in-
cubator (37◦C, 5% CO2) and were passaged when
they were nearly confluent.

• Yeast Schizosaccharomyces pombe cells were grown
with standard procedures for vegetative in Edin-
burgh Minimal Medium [11].

The cell cultures were kept at 4◦C in PBS buffer
pH=7.4 to guarantee physiological conditions and to pre-
vent cell death. Immediately before the experiments,
they were centrifuged for 7 min at 7000 rpm, the su-
pernatant was discarded and the remaining pellet used
for experiments. The hydration of samples was mea-
sured at the end of the neutron scattering experiments
by drying and weighting. E. coli, yeast, and Glioma-
9L contained water at 64%, 69%, and 50% by weight,
respectively. In pellets of E. coli it has been reported
that approximately 90% of the water present is intracel-
lular and only less than 10% is extracellular [12]. Al-
though small variations, in the order of a few percent,
may be present for the other cell pellets, it can be safely
assumed that in our samples most of the water is intra-
cellular. Images of the samples were taken with optical
zoom 100×, before and after the experiment, using a
standard fluorescence microscope at EMBL (Grenoble,
France), in order to check that the cells were still alive
and without any degradation effect. Trypan blue ex-
clusion tests, which allow distinguishing dead cells from

Fig. 1 Sample image taken before the experiment by fluo-
rescence microscope. (a) E. coli cells. (b) Yeast Schizosac-
charomyces pombe cells. (c) Glioma-9L cells.

alive ones, were also executed and viability of the cells
was ensured until the end of the experiments. As can be
seen in Fig. 1, E. coli are rod-shaped bacteria, which are
about 2.0 µm long and 0.25 µm in diameter, with a cell
volume of 0.6 µm3; yeast cells (eukaryotic microorgan-
isms classified in the kingdom Fungi), are also roughly
rod-shaped, typically measuring 5–10 µm in length and
1–2 µm in diameter; Glioma-9L are almost spherical (di-
ameter of about 10 µm) tumor cells obtained in vitro and
very useful for in vivo studies to investigate the effects
of various therapeutic agents on brain tumors.

2.2 QENS experiments

Quasi-elastic neutron scattering experiments were per-
formed by using the high-resolution direct-geometry
time-of-flight (TOF) spectrometer IN5 at the Institut
Laue-Langevin (ILL, Grenoble, France). The samples
were placed in a vacuum-tight aluminum rectangular
sample holder with thickness of 0.3 mm and area of
30× 40 mm2. In order to properly explore translational
and rotational components in the spectra, the experi-
ments were performed at two different energy resolu-
tions: 10 µeV full width at half maximum (FWHM),
corresponding to a time resolution of ∼ 70 ps and Q-
range between 0.11 and 1.01 Å−1, and 70 µeV FWHM,
corresponding to a time resolution of ∼ 10 ps and Q-
range between 0.22 and 2.02 Å−1. All measurements
were conducted at room temperature (300 K). All mea-
sured spectra were corrected for the empty cell contribu-
tion and normalized to vanadium. Spectra measured at
Q values lower than 0.3 Å−1 were rejected as they were
affected by Bragg peaks due to cellular membranes, as
observed in the diffraction pattern (data not shown). 26
spectra were analyzed in global fittings (see below): 12 at
high-energy resolution and 14 at low-energy resolution.
The STRfit tools in the LAMP software, developed by
the computing group at ILL [13] were used for data re-
duction and analysis.
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2.3 Data analysis

The analysis of the QENS spectra measured from our
living cells was motivated by several biophysical argu-
ments. First, given the large incoherent scattering cross
section, in our samples, the signal arises essentially from
hydrogen atoms. We identified several hydrogen classes:

• hydrogen atoms that in the time scale investigated
by our experiments (10 ÷ 100 ps) appear as “fixed”,
i.e., they perform only vibrational motions around
their equilibrium positions. We indicate their popu-
lation fraction with parameter f ; their contribution
to the scattering signal is purely elastic.

• hydrogen atoms belonging to water molecules with
deeply constrained dynamics and slowed down by
the interaction with the crowded cellular environ-
ment. We indicate their population fraction with
parameter p1; we use the “jump-diffusion” model
to describe translations, and the “continuous rota-
tional diffusion on a circle” model to describe rota-
tions [14, 15].

• hydrogen atoms belonging to water molecules,
whose dynamics is only weakly constrained by the
other cellular components and can, therefore, be
considered as freely translating and rotating. We
indicate their population fraction with parameter
p2; also for these hydrogens, following an approach
commonly used for bulk water [16], we use the “jump
diffusion” model for translations and the “rotational
diffusion on a circle” model for rotations [15].

• hydrogen atoms belonging to CH2 groups present
in the cell membrane and in cellular proteins; these
hydrogen atoms perform low-frequency librational
motion at room temperature. We indicate their pop-
ulation fraction with parameter p3; it follows from
the closure relation that p3 = 1− (f + p1 + p2).

Therefore, the following expression was used to fit the
measured spectra:

Sinc(Q,ω′)=K(Q)R(Q,ω′)⊗ [fδ(ω′) + p1S
R,T
slow(Q,ω′)

+p2S
R,T
fast(Q,ω′)+p3SCH2(Q,ω′)]+bk(Q),

(1)

where K(Q) is a normalizing factor that includes the
Q-dependent Debye–Waller factor and ω′ = ω − C(Q).
Parameters C(Q) were necessary to consider small offsets
in the energy calibration of the detectors, thus, param-
eters C(Q) are the same for all spectral contributions.
R(Q,ω′) is the instrumental resolution, measured by a
standard vanadium. δ(ω′) is the Dirac delta function.
SR,T
slow(Q,ω′) = ST

slow(Q,ω′) ⊗ SR
slow(Q,ω′) is the contri-

bution of constrained water molecules; it contains the
convolution of two terms arising from translation and

rotation, respectively, and depends on the parameters
DT

slow, DR
slow, and τslow that are the translational and

rotational diffusion coefficients, and the translational res-
idence time, respectively. According to the models used,
the translational and rotational components described
by the following expressions:

ST
slow(Q,ω′) =

1

π

ΓT
slow

(ω′)2 + (ΓT
slow)

2
, (2)

where

ΓT
slow =

Q2DT
slow

1 +Q2DT
slowτslow

, (3)

and

SR
slow(Q,ω′) = j20(Qr)δ(ω′)

+
∞∑
i=1

(2i+ 1)j2i (Qr)
1

π

Γi,R
slow

(ω′)2 + (Γi,R
slow)

2
,

(4)

where

Γi,R
slow = i(i+ 1)DR

slow. (5)

Functions ji(Qr) appearing in the rotational part
of SR

slow(Q) are spherical Bessel functions of ith or-
der, while quantity r is the average radius of the
water hydrogens rotational circles: this quantity was
assumed to have a fixed value of 0.98 Å. In the
sum in Eq. (4), the first 10 terms were retained.
SR,T
fast(Q,ω) = ST

fast(Q,ω) ⊗ SR
fast(Q,ω) is the contribu-

tion of “free” water molecules. Regarding SR,T
slow(Q), it

contains the convolution of translations and rotations,
and depends on the parameters DT

fast , DR
fast, and τfast;

the considerations previously made for SR,T
slow(Q) apply

to SR,T
fast(Q) as well. SCH2(Q,ω) is the contribution of

hydrogens belonging to CH2 groups located mainly in
the cellular membranes; it arises from low-frequency
librations and can be modeled by a simple Lorentzian
with a Q-independent half-width described by param-
eter ΓCH2 . bk(Q) is a flat, Q-dependent background,
which is necessary to consider the instrumental baseline
and other possible much broader contributions. In our
data analysis we adopted a “global fitting” strategy,
i.e., all spectra obtained at the various Q values and at
the two resolutions were analyzed simultaneously, thus
greatly reducing the complexity of the χ2 hypersurface.
In the fittings quantities f , p1, p2, DT

slow, DR
slow, τslow,

DT
fast, DR

fast, τfast, and ΓCH2 are global parameters,
while quantities K(Q), C(Q), and bk(Q) are different
for each spectrum. A typical spectrum is shown in
Fig. 2 together with the fitting. For the sake of clarity,
the spectral contributions arising from various hydrogen
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Fig. 2 QENS spectrum of yeast cells taken at 0.36 Å−1 at
low-energy resolution. Black points are the experimental data
and the red line is the total fit obtained using Eq. (1). The
various spectral contributions are represented by the lines in
color. Fuchsia: elastic contribution arising from “fixed” hy-
drogen atoms; green: roto-translational contribution arising
from “fast” water population; blue: roto-translational com-
ponent arising from “slow” water population; orange: CH2

groups contribution; violet: background.

classes are highlighted in the figure. Considering the
rather large number of parameters involved in the
fittings it was necessary to perform a check on the relia-
bility of their calculation. In particular we analyzed the
χ2 hypersurface by calculating the χ2

pi
−χ2

min profile with
respect to each global parameter pi. In these fittings the
global parameters different from pi were kept constant
at their χ2

min values, while the non-global parameters
can be varied. We repeated the procedure by using two
different minimization routines based on the Levenberg-

Marquardt method and implement in the SRTfit by the
computing group at ILL [13], in order to further check
the robustness of our results. A typical result is shown
in panel (a) of Fig. 3 for parameter DT

fast; similar results
are obtained for the other parameters as well. This plot
shows that single sharp minima are obtained with both
minimization routines and illustrates how the 99% con-
fidence limit was determined [17]. Panels (b) and (c) of
Fig. 3 show the confidence limit analysis of parameters
p1 and p2 for the three cell types investigated; they show
that our experiments can indeed effectively detect the
effects of cellular biodiversity. χ2 is defined as

χ2(p) =
N∑
i=1

[
yi − y(xi|p)

σi

]2
, (6)

where N is the number of points, yi are the data points
with σi errors, p is the vector of parameters, and y(xi|p)
is the theoretical model. The validity of the model used
was further checked by analyzing QENS data obtained
with “phantoms” consisting of water/sugar mixtures at
different ratios and with vegetable and animal tissues
(data not shown). Results indicated that our model is
able to characterize the behavior of water in biological
systems of different complexity in a consistent way.

3 Results and discussion

QENS spectra of our samples are shown in Fig. 4. The
data in this figure confirm that good fits are obtained
using the global model reported in Section 2. Even the
simple visual inspection suggests that the QENS spectra
are influenced by cellular biodiversity. In fact, spectra
corresponding to Glioma-9L cells are broader than those

Fig. 3 Panel (a): Confidence limits analysis: ∆χ2 = χ2
pi − χ2

min + 1 as a function of parameter DT
fast for the data

corresponding to E. coli cells. Red and black dots refer to results obtained with two different minimization routines developed
at ILL. The horizontal black line cuts the plot at ∆χ2 = 24.2 and determines the 99% confidence intervals. Panel (b):
Confidence limits analysis for the for the “slow” water component (parameter p1). Data corresponding to E. coli, Glioma-9L,
and yeast cells are shown in black, red, and blue, respectively. Panel (c): Same as panel (b) for the “fast” water component
(parameter p2).
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Fig. 4 Left panels: QENS spectra taken at 10 µeV energy resolution; (a) E. coli, (c) Glioma-9L, (e) Yeast. Right panels:
QENS spectra taken at 70 µeV energy resolution; (b) E. coli, (d) Glioma-9L, (f) Yeast. Black points (•) are the experimental
data and the red lines are the fitting curves.

corresponding to E. coli cells, and decay with increasing
Q appreciably faster; differences between the E. coli and
yeast spectra are less noticeable. The faster Q-decay ob-
served for Glioma-9L cells may be indicative of a larger
Debye–Waller factor, i.e., of larger mean square displace-
ments; elastic neutron scattering (ENS) experiments
are currently planned to confirm this suggestion. More
quantitative information is obtained from the parameter
values obtained from the global fits, summarized in
Table 1. The most important finding is that the popula-
tion of “fast” water molecules accounts for the majority
of the scattering signal (from 65% to 80%, depending
on the cell type) and characterized by translational
and rotational diffusion coefficients very similar to those

of bulk water at room temperature [14] (DT
bulkwater =

2.3 ÷ 2.5 · 10−5 cm2/s; DR
bulkwater = 0.17 ps−1). A pos-

sible increase of the residence times of “fast” water with
respect to bulk water in the case of E. coli and yeast cells
cannot be excluded (τbulkwater = 0.9 ÷ 1.2 ps). Such
an increase has been previously observed for water in
E. coli [12] and attributed to the interaction of water
molecules with cellular components. The population of
“slow” water molecules accounts for a much smaller frac-
tion of the scattering signal (from 6% to 17% depend-
ing on the cell type) and characterized by smaller dif-
fusion coefficient and longer residence times than those
of bulk water. If the fractions of “fast” and “slow” in-
tracellular water are defined as Ffast = p2/(p1+ p2) and

Irina Piazza, et al., Front. Phys. 13(1), 138301 (2018)
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Table 1 Parameter values obtained from the global fits.

E. coli Glioma-9L Yeast
Value Error Value Error Value Error

f% 7.1 0.2 6.5 0.2 8.2 0.1
p1% 13.7 0.1 6.2 0.3 17.7 0.2

Dslow
T (cm2/s) 2.1E-6 2E-7 3.9E-6 6E-7 2.2E-6 1E-7
τslowr (ps) 34 2 53 12 33 2

Dslow
R (1/ps) 0.043 0.002 0.12 0.03 0.041 0.002

p2% 70.2 0.2 81.0 0.6 65.0 0.3
Dfast

T (cm2/s) 2.13E-5 1E-7 2.16E-5 2E-7 2.04E-5 2E-7
τfastr (ps) 1.28 0.02 0.84 0.06 1.65 0.04

Dfast
R (1/ps) 0.20 0.01 0.19 0.02 0.20 0.01

ΓCH2 (meV) 0.170 0.01 0.118 0.002 0.273 0.003
p3% 9 0.2 6.3 1.2 9.1 0.6
χ2
rid 1.58 0.54 1.01

Table 2 Fractions of “fast” and “slow” water populations together with translational and rotational retardation factors
for various biological samples. RBC: Red blood cells; Hmm: Haloarcula marismortui.

SAMPLE [Ref.] Ffast Fslow Rtrasl Rrot Exp. technique
RBC [9] 90% 10% 40 QENS
E. coli cells [10] 85% 15% 15 NMR
E. coli cells [7] 100% 0% QENS
Hmm cells [7] 24% 76% 250 QENS
Hmm cells [10] 85% 15% 15 NMR
E. coli cells [this work] 85% 15% 10 5 QENS
Yeast cells [this work] 79% 21% 9 5 QENS
Glioma-9L cells [this work] 93% 7% 6 1.6 QENS
Bovine brain [18] 82% 18% 10 2.7 QENS

Fslow = p1/(p1+p2), and the translational and rotational
retardation factors are denoted as Rtrasl = DT

fast/D
T
slow

and Rrot = DR
fast/D

R
slow, our results can be compared on

equal footing with the existing literature values of water
in cells and in tissues. Such a comparison is shown in
Table 2.

Data shown in Table 2 highlight one general feature
that appears to be common to all biological systems in-
vestigated, specifically the presence of two intracellular
water populations: a majority one having dynamic prop-
erties, i.e., translational and rotational diffusion coeffi-
cient and residence time, similar to bulk water and a mi-
nority one characterized by slow dynamics. This result is
fully confirmed by our data. In this sense, we agree with
the result by Jasnin et al. in 2010 [12] that intracellular
water is not substantially “tamed” by confinement. How-
ever, the new information brought by our results is that
the described extent of intracellular water perturbation,
i.e., the fractions of “fast” and “slow” water populations,
the retardation factors, the increase in residence times,

depends on cellular biodiversity, and applies not only to
thermophilic organisms, but also to mesophilic ones. A
clear example is given by the Glioma-9L tumoral cells,
where the intracellular water appears to be more dy-
namic both for the water populations (Ffast is increased
to 93% with Fslow reduced to 7%) and for retardation
factors, with values reduced to 6 and 1.6 for transla-
tions and rotations, respectively. It is difficult to relate
the increased dynamics of intracellular water to the car-
cinogenic or morphological properties of Glioma-9L cells;
however, this new and motivating result prompts for fur-
ther investigations in this field.

4 Conclusions

In this work, we have measured the QENS spectra of
three different types of cells. To analyze the measured
spectra, we have adopted a global fitting strategy, in
which all spectra, taken at different Q values and at
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two different energy resolutions are globally fitted us-
ing an optimized theoretical model that considers various
classes of hydrogen atoms contributing to the scattering
signal. In particular, we have been able to single out two
different populations of intracellular water molecules and
characterize their translational and rotational dynamic
properties. Particular care has been taken to verify the
validity of the model and to check the reliability of the
calculation of parameters and their 99% confidence limit
intervals. The main results obtained can be summarized
as follows:

(i) The presence of two populations of intracellular wa-
ter, a majority one with bulk-like dynamics and a
minority one with slow dynamics, appears to be a
general property of biological systems including liv-
ing cells and tissues.

(ii) Cellular/tissutal biodiversity manifests itself in the
extent of intracellular water retardation, both in the
fast/slow water population fractions and in the re-
tardation factors.

(iii) Therefore, neutron scattering appears to be a suit-
able experimental technique to characterize the dy-
namics of water inside living cells and tissues at the
angstrom/picosecond space/time scales, and to in-
vestigate the effects of biodiversity.

Acknowledgements We thank N. Martinez and J. Peters for
discussions. We also thank the ILL for beam time and for technical
support, and the EMBL for using of the fluorescence microscope.

References

1. P. Ball, Water as an active constituent in cell biology,
Chem. Rev. 108(1), 74 (2008)

2. G. Schirò, F. Natali, and A. Cupane, Physical origin
of anharmonic dynamics in proteins: New insights from
resolution-dependent neutron scattering on homomeric
polypeptides, Phys. Rev. Lett. 109(12), 128102 (2012)

3. G. Schirò, M. Fomina, and A. Cupane, Communi-
cation: Protein dynamical transition vs. liquid-liquid
phase transition in protein hydration water, J. Chem.
Phys. 139(12), 121102 (2013)

4. G. Zaccai, The effect of water on protein dynamics, Phi-
los. Trans. R. Soc. Lond. B Biol. Sci. 359(1448), 1269
(2004)

5. G. Zaccai, Hydration shells with a pinch of salt, Biopoly-
mers 99(4), 233 (2013)

6. E. Trantham, H. Rorschach, J. Clegg, C. Hazlewood, R.
Nicklow, and N. Wakabayashi, Diffusive properties of
water in Artemia cysts as determined from quasi-elastic
neutron scattering spectra, Biophys. J. 45(5), 927 (1984)

7. M. Tehei, B. Franzetti, K. Wood, F. Gabel, E. Fabiani,
M. Jasnin, M. Zamponi, D. Oesterhelt, G. Zaccai, M.
Ginzburg, and B.Z. Ginzburg, Neutron scattering re-
veals extremely slow cell water in a Dead Sea organism,
Proc. Natl. Acad. Sci. USA 104(3), 766 (2007)

8. M. Jasnin, A. Stadler, M. Tehei, and G. Zaccai, Spe-
cific cellular water dynamics observed in vivo by neu-
tron scattering and NMR, Phys. Chem. Chem. Phys.
12(35), 10154 (2010)

9. A. M. Stadler, J. P. Embs, I. Digel, G. M. Artmann,
T. Unruh, G. Buldt, and G. Zaccai, Cytoplasmic water
and hydration layer dynamics in human red blood cells,
J. Am. Chem. Soc. 130(50), 16852 (2008)

10. E. Persson and B. Halle, Cell water dynamics on mul-
tiple time scales, Proc. Natl. Acad. Sci. USA 105(17),
6266 (2008)

11. S. Moreno, A. Klar, and P. Nurse, Molecular genetic
analysis of fission yeast Schizosaccharomyces pombe,
Methods Enzymol. 194, 795 (1991)

12. M. Jasnin, M. Moulin, M. Haertlein, G. Zaccai, and M.
Tehei, Down to atomic-scale intracellular water dynam-
ics, EMBO Rep. 9(6), 543 (2008)

13. D. Richard, M. Ferrand, and G. Kearley, Analysis and
visualisation of neutron-scattering data, Journal of Neu-
tron Research 4(1), 33 (1996)

14. M. Bee, Quasielastic Neutron Scattering: Principles and
Applications in Solid State Chemistry. Biology and Ma-
terials Science, Adam Hilger, Bristol, 1988

15. V. Sears, Theory of cold neutron scattering by homonu-
clear diatomic liquids (i): Free rotation, Can. J. Phys.
44(6), 1279 (1966)

16. J. Teixeira, M. C. Bellissent-Funel, S. H. Chen, and A.
J. Dianoux, Experimental determination of the nature
of diffusive motions of water molecules at low tempera-
tures, Phys. Rev. A 31(3), 1913 (1985)

17. W. T. Vetterling, Numerical Recipes Example Book
(C++): The Art of Scientific Computing, Cambridge
University Press, 2002

18. F. Natali, Y. Gerelli, C. Stelletta, and J. Peters, Anoma-
lous proton dynamics of water molecules in neural tissue
as seen by quasi-elastic neutron scattering: Impact on
medical imaging techniques, in: AIP Conference Pro-
ceedings, Vol. 1518 (AIP, 2013), pp 551–557

Irina Piazza, et al., Front. Phys. 13(1), 138301 (2018)
138301-7

https://doi.org/10.1021/cr068037a
https://doi.org/10.1021/cr068037a
https://doi.org/10.1103/PhysRevLett.109.128102
https://doi.org/10.1103/PhysRevLett.109.128102
https://doi.org/10.1103/PhysRevLett.109.128102
https://doi.org/10.1103/PhysRevLett.109.128102
https://doi.org/10.1063/1.4822250
https://doi.org/10.1063/1.4822250
https://doi.org/10.1063/1.4822250
https://doi.org/10.1063/1.4822250
https://doi.org/10.1098/rstb.2004.1503
https://doi.org/10.1098/rstb.2004.1503
https://doi.org/10.1098/rstb.2004.1503
https://doi.org/10.1002/bip.22154
https://doi.org/10.1002/bip.22154
https://doi.org/10.1016/S0006-3495(84)84239-3
https://doi.org/10.1016/S0006-3495(84)84239-3
https://doi.org/10.1016/S0006-3495(84)84239-3
https://doi.org/10.1016/S0006-3495(84)84239-3
https://doi.org/10.1073/pnas.0601639104
https://doi.org/10.1073/pnas.0601639104
https://doi.org/10.1073/pnas.0601639104
https://doi.org/10.1073/pnas.0601639104
https://doi.org/10.1073/pnas.0601639104
https://doi.org/10.1039/c0cp01048k
https://doi.org/10.1039/c0cp01048k
https://doi.org/10.1039/c0cp01048k
https://doi.org/10.1039/c0cp01048k
https://doi.org/10.1021/ja807691j
https://doi.org/10.1021/ja807691j
https://doi.org/10.1021/ja807691j
https://doi.org/10.1021/ja807691j
https://doi.org/10.1073/pnas.0709585105
https://doi.org/10.1073/pnas.0709585105
https://doi.org/10.1073/pnas.0709585105
https://doi.org/10.1016/0076-6879(91)94059-L
https://doi.org/10.1016/0076-6879(91)94059-L
https://doi.org/10.1016/0076-6879(91)94059-L
https://doi.org/10.1038/embor.2008.50
https://doi.org/10.1038/embor.2008.50
https://doi.org/10.1038/embor.2008.50
https://doi.org/10.1080/10238169608200065
https://doi.org/10.1080/10238169608200065
https://doi.org/10.1080/10238169608200065
https://doi.org/10.1139/p66-108
https://doi.org/10.1139/p66-108
https://doi.org/10.1139/p66-108
https://doi.org/10.1103/PhysRevA.31.1913
https://doi.org/10.1103/PhysRevA.31.1913
https://doi.org/10.1103/PhysRevA.31.1913
https://doi.org/10.1103/PhysRevA.31.1913
http://doi.org/10.1063/1.4794632
http://doi.org/10.1063/1.4794632
http://doi.org/10.1063/1.4794632
http://doi.org/10.1063/1.4794632
http://doi.org/10.1063/1.4794632

	Introduction
	Materials and methods
	Samples
	QENS experiments
	Data analysis

	Results and discussion
	Conclusions
	References

