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Abstract. 
Diffusion is the fundamental mechanism for lipids and other molecules to move in a membrane. 
It is an important process to consider in modelling the formation of membrane structures, such as rafts. Lipid diffusion is mainly studied by two different techniques: incoherent neutron scattering and fluorescence microscopy. Both techniques access distinctly different length scales. While neutron scattering measures diffusion over about 3 lipid diameters, microscopic techniques access motions of lipids over micrometer distances. The diffusion constants which are determined by these two methods often differ by about an order of magnitude, with the neutrons usually seeing a faster lipid diffusion. Different theories are used to describe lipid diffusion in the two experiments. In order to close the “gap” between these two techniques, we propose to study lipid diffusion at mesoscopic length scales using a neutron spin-echo (NSE) spectrometer. We have conducted an experiment in highly oriented, solid supported lipid bilayers to prove the feasibility of performing incoherent NSE on biological samples. Lateral lipid diffusion was measured in a fluid phase model membrane system at a length scale of 12 Å. Using the high-energy resolution of the NSE technique, we find evidence for two dynamic processes.


1. Introduction
Diffusion not only is the primary mechanism for proteins to move through the lipid matrix, but it also plays an important role in the formation of various macromolecular structures, such as lipid rafts and nanoenvironments for proteins. It is commonly accepted that the Brownian motion of lipid molecules over long length scales (length scales larger than the nearest neighbour distance of the lipid molecule) is characterized by a continuous diffusion process [1–5]. Although this is a well-studied fundamental process, our understanding of molecular diffusion in membranes is still being challenged by new results from experiments and simulations. From computer simulations, subdiffusive and ballistic regimes have been predicted on short time scales and correspondingly small distances [6, 7]. And ballistic lipid motion in fluid membranes has indeed been recently reported from quasielastic neutron scattering (QENS) using a neutron backscattering spectrometer [8]. Furthermore, it has been reported that lipids move coherently in loosely bound clusters, rather than as independent molecules [9–11]. A “hopping” diffusion of lipids into nearest neighbour sites was observed in single supported bilayers [12], and, recently, it has also been suggested that there is a flow-like component to the motion of the lipid molecules over long length scales [11]. In biology, diffusion often occurs in crowded media, which was found to lead to  anomalous diffusion [13, 14].
The standard techniques currently used to examine diffusion of different membrane components are neutron scattering techniques and fluorescence spectroscopy. Usually, the goal of these techniques is to determine the diffusion time, 
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, of the particles of interest in the membrane and their subsequent diffusion coefficient, 
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. As depicted in Figure 1, the two techniques cover distinctly different length and time scales: fluorescence correlation spectroscopy (FCS) covers motions on micrometer length scales and over microsecond time scales, and neutron beams access dynamics on nanometer lengths and nanosecond times. The diffusion constants determined with the two techniques usually differ by about an order of magnitude, neutrons measuring a faster diffusion as compared to FCS.


	
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
	
	
	
		
	
	
	
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
		
	
	
		
	
		
	
		
	
		
	
	
		
	
		
			
				
			
				
			
			
				
			
		
	


	
		
			
				
				
			
			
				
			
		
		
			
				
				
			
			
				
			
		
		
			
				
				
			
			
				
			
		
		
			
				
				
			
			
				
			
		
		
			
				
				
			
			
				
			
		
		
			
				
				
			
			
				
			
		
		
			
				
				
			
			
				
			
		
		
			
				
				
			
			
				
			
		
		
			
				
				
				
				
				
				
				
				
			
		
		
			
				
				
			
			
				
			
		
		
			
				
				
			
			
				
			
		
		
			
				
				
			
			
				
			
		
		
			
				
				
			
			
				
			
		
		
			
				
				
			
			
				
			
		
		
			
				
				
				
				
				
				
				
			
		
		
			
				
				
				
				
				
				
				
				
				
				
			
		
		
			
				
			
			
				
			
			
				
				
			
			
				
			
			
				
				
			
			
				
			
			
				
			
			
				
				
			
		
		
			
				
				
				
				
				
				
				
				
			
		
		
			
				
				
				
				
				
				
				
				
			
		
		
			
				
				
				
				
				
				
				
				
			
		
		
			
				
				
				
				
				
				
				
				
			
		
		
			
				
			
			
				
			
			
				
				
			
			
				
			
			
				
				
			
			
				
			
			
				
			
			
				
				
			
		
		
			
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
			
		
		
			
				
				
				
				
			
		
		
			
				
				
				
				
				
				
				
				
				
				
				
			
		
		
			
				
				
				
				
				
				
				
				
				
				
				
				
				
				
			
		
		
			
				
				
				
				
				
				
				
			
		
		
			
				
				
			
		
	
	
		
			
				
				
				
				
				
				
				
				
				
				
				
				
			
			
				
			
			
				
			
			
				
			
		
	
	
	

Figure 1: The diffusion of lipids in a bilayer has been measured by various optical and neutron techniques. There still remains a gap (from ≈10 nm to ≈200 nm) in the characterization of lipid motion between the regimes accessible by fluorescence measurements and neutron backscattering, resulting in a clear difference in the diffusion coefficients observed on each side of this gap. Neutron spin echo (NSE) can access significantly longer length scales than other neutron techniques to give insight into the character of motion at mesoscopic length scales.


It is experimentally challenging to close the gap between the two techniques and follow diffusion of lipid molecules and proteins on mesoscopic length scales. A strong effort is currently being made to enhance the resolution of light microscopes using stimulated emission depletion microscopy [15]. A new generation of neutron backscattering instruments is currently being constructed; however, the accessible length scale, usually determined by the beam size and beam divergence at small scattering angles, is limited to ≈20 Å. The neutron spin-echo (NSE) technique, with its high energy resolution and the possibility to reach scattering vectors, 
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, corresponding to tens of Å, is a promising candidate to study long-range diffusion.
Neutrons are scattered by the nuclei. Two factors contribute to differences in the atomic nuclei structure of atoms of the same chemical element: (1) different isotopes and (2) different orientations of the nuclear spin (for elements with nonzero nuclear spin). Therefore, even monatomic samples can contain nuclei with different scattering lengths. Coherent scattering is the scattering which would occur if every nucleus in the system had a scattering length equal to the average scattering length, while the incoherent contribution is caused by isotropic scattering from nuclei with different scattering lengths. The coherent and incoherent scattering contributions give insight into different dynamical processes. Coherent scattering reveals information regarding the correlations between the positions of different atomic nuclei at different times. Thus, it is a method of measuring correlations and interactions in a system. Bragg scattering for instance is the result of coherent scattering. Incoherent scattering only involves correlations between the positions of the same nuclei at different times; therefore, it is a measure of the dynamics of the individual particle. Self-diffusion of lipids and proteins is a dynamical process which will exhibit itself in the incoherent contributions to the scattering [16].
The goal of this experiment was to determine the feasibility of studying lateral lipid diffusion in the plane of the membrane using an NSE spectrometer. To separate in-plane from out-of-plane motions, and to ensure that only lateral lipid diffusion is measured, highly oriented membranes were prepared on silicon wafers and the wafers were carefully aligned in the spectrometer. Because the dynamics of the lipid's self-diffusion will exhibit itself in the incoherent scattering, an incoherent NSE signal must be measured. Protonated membranes hydrated with heavy water were used to enhance the incoherent scattering. We note that, despite the experimental challenges, incoherent NSE experiments have recently been reported [17, 18] in aqueous solutions and polymers. We, for the first time, have applied this technique to study lateral diffusion of lipid molecules in a fluid lipid bilayer.
2. Materials and Methods
2.1. Sample Preparation
Protonated membranes, hydrated with heavy water, were prepared to maximize the incoherent scattering of the lipid molecules. Highly oriented multilamellar stacks of 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) were deposited on 
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 (diameter 5.08 cm) double-side polished Si wafers with a thickness of 300 μm. A solution of 20 mg/mL DMPC in 1 : 1 chloroform and 2,2,2-trifluoroethanol (TFE) was prepared. The Si wafers were cleaned by alternate 12-minute sonications in ultrapure water and methanol at 313 K. This process was repeated twice. As depicted in Figure 2(a), 1 mL of the lipid solution was pipetted onto each Si wafer and allowed to dry. The wafers were kept in vacuum overnight to remove all traces of the solvent. The samples were then hydrated with heavy water, D2O, and annealed in an incubator at 308 K for 24 hours. Following this protocol, each wafer contained roughly 3,000 highly oriented stacked membranes with a total thickness of ≈10 μm.




	
		
			
				
			
				
				
				
			
			
				
		
		
			
			
		
		
	
	
		
			
				
			
				
				
				
			
			
				
		
		
			
			
		
		
	
	
		
			
		
			
	
	
		
			
		
		
			
		
		
			
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
			
			
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
			
			
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
			
			
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
				
					
					
					
				
			
		
	
	
		
	
		
	
		
	
		
		
		
	
	
		
	
		
			
			
		
		
		
			
			
			
			
			
			
			
			
		
		
		
			
		
			
		
			
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
			
				
			
				
			
		
	
	
		
			
				
			
				
			
		
	















(a)



















(b)
Figure 2: (a) A DMPC solvent solution was deposited onto Si wafers. The solvent was allowed to evaporate completely, resulting in highly oriented bilayers. (b) The wafers were then assembled into a sandwich sample in an aluminium holder with aluminium spacers, which was hydrated with D2O from the vapour phase.


Eight such Si wafers were stacked with 0.6 mm aluminium spacers placed in between each wafer to allow the membranes to be hydrated, creating a 10% scatterer (see Figure 2(b)). The “sandwich” sample was sealed in an aluminium sample can with a D2O hydration source.
2.2. Neutron Spin-Echo Experiment
Among neutron scattering spectroscopic techniques, NSE is the one with the highest energy resolution. Figure 3 shows a sketch of a typical NSE experimental setup.









	
		
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
		
	
	
		
			
			
			
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
	
	
		
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
		
			
			
		
	
	
		
			
			
			
			
			
			
		
	
	
		
			
		
		
			
			
		
	
	
		
			
			
			
			
			
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	


	
		
			
		
	


	
		
			
		
	


	
		
	


	
		
			
		
	













Figure 3: Schematic of a NSE experimental setup.


In the most common cases [19], the incoming neutron beam, with a wavelength spread of ≈15%, is polarized along the neutrons’ velocity direction (
	
		
			

				𝑥
			

		
	
 in Figure 3). At the beginning of the instrument, a 
	
		
			

				𝜋
			

		
	
/2 flipper rotates the spins direction to be perpendicular to the scattering plane (i.e., along 
	
		
			

				𝑧
			

		
	
). Then, the neutron beam travels within the first precession coil through a magnetic field aligned along 
	
		
			

				𝑥
			

		
	
. Thus, the spins perform a Larmor precession in the 
	
		
			
				𝑦
				𝑧
			

		
	
 plane. The angle between the neutron spin direction at the beginning and the end of the first precession coil depends on the time spent within the magnetic field and hence on its velocity. Before being scattered by the sample, the neutron spin is rotated by 180 degrees around the 
	
		
			

				𝑧
			

		
	
-axis by the 
	
		
			

				𝜋
			

		
	
 flipper. The neutrons are then scattered by the sample and travel through the second precession coil within a field equal to that of the first coil. Inside the second coil, the Larmor precession effectively unwinds the neutron spin. If the scattering event is elastic, the neutron spin direction at the end of the second coil is the same as the one at the beginning of the first coil (which is along the 
	
		
			

				𝑧
			

		
	
-direction). A second 
	
		
			

				𝜋
			

		
	
/2 flipper rotates the neutron spin onto the 
	
		
			
				𝑥
				𝑦
			

		
	
 plane. The polarization of the beam is finally determined by the analyzer-detector system. Again, if the scattering is elastic, the initial polarization of the scattered beam (which is nominally one) is regained.
When quasielastic scattering occurs the, neutrons’ spins do not return to their initial state and it can be shown that the resulting beam polarization is proportional to the sample’s intermediate scattering function (ISF), 
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				(
				𝑄
				,
				𝑡
				)
			

		
	
. The value of 
	
		
			

				𝑡
			

		
	
, often referred to as Fourier time, is proportional to the precession field intensity. Thus, by changing the precession field, NSE can measure the ISF directly in the time domain, whereas other neutron spectrometers, which work in the energy domain, determine the dynamic structure factor, 
	
		
			
				𝑆
				(
				𝑄
				,
				𝐸
				)
			

		
	
.
Usually, for each investigated Fourier time, the condition of equality between the two precession fields is determined by sweeping the current (phase current) of a coil located inside one of the two spectrometer arms. Thus, the detected intensity follows the typical echo pattern (see Figure 4). The absolute minimum of the echo marks the echo condition for which the two precession fields are the same.


	
		
	
		
		
			
	
	
		
		
			
	
	
		
		
	
	
		
		
			
	
	
		
		
			
	
	
		
		
			
	
	
		
		
			
	
	
		
		
			
	
	
		
		
			
	
	
		
		
			
	
	
		
		
			
	
	
		
		
			
	
	
		
		
			
	
	
		
		
			
	
	
		
		
			
	
	
		
		
			
	
	
		
		
			
	
	
		
		
			
	
	
		
		
			
	
	
		
		
			
	
	
		
		
			
	
	
		
		
			
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
	
		
	
	
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
	
		
	
		
	
		
	
	
		
	
		
	
		
	
		
	
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
	
	


	
		
			
				
				
				
				
			
		
		
			
				
				
				
				
			
		
		
			
				
				
				
			
		
		
			
				
				
				
			
		
		
			
				
				
				
			
		
		
			
				
				
				
			
		
		
			
				
				
				
			
		
		
			
				
				
				
			
		
		
			
				
			
			
				
				
				
			
		
		
			
				
			
			
				
				
				
			
		
		
			
				
			
		
		
			
				
				
				
				
				
				
				
				
				
			
		
	
	
		
		
		
		
		
	
	
		
			
				
			
			
				
			
			
				
				
				
			
			
				
			
			
				
			
			
				
			
			
				
			
		
	

Figure 4: An incoherent echo for 
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				=
				0
				.
				5
			

		
	
 Å−1. The third and second last points report the SF counts (measured twice), whereas the last point represents the NSF counts. The fact that the SF counts are smaller than the NSF counts is a direct evidence that the incoherent scattering is dominant at this 
	
		
			

				𝑄
			

		
	
 value. The echo has a negative amplitude which indicates that the observed dynamics come from the incoherent scattering. Error bars shown throughout the paper represent ±1 standard deviation.


Incidentally, by switching the 
	
		
			
				𝜋
				/
				2
			

		
	
 flippers off the precession, field intensity is essentially set to zero, which implies that the Fourier time value is zero as well. This effectively means that by switching the 
	
		
			
				𝜋
				/
				2
			

		
	
 flippers off and by measuring the 
	
		
			

				𝜋
			

		
	
 flipper ON (spin flip intensity, SF) and OFF (nonspin flip intensity, NSF), a polarized diffraction measurement can be performed without changing the instrumental setup. In this way, the coherent and incoherent scattering intensity can be determined [20].
Because of the requirement of having a homogeneous field along the neutrons’ flight path, except for a few noticeable exceptions [21], the NSE detector covers a small fraction of 4
	
		
			

				𝜋
			

		
	
. Thus, experiments requiring a large 
	
		
			

				𝑄
			

		
	
 range coverage are less efficiently performed on an NSE spectrometer, as opposed to a backscattering spectrometer. This is often the case for incoherent scattering experiments where the 
	
		
			

				𝑄
			

		
	
 dependence of the scattering function gives precious indications as to the nature of the observed dynamics. Also, the incoherent scattering event has a 2/3 probability of flipping the scattered neutron spin, effectively reducing the incoherent NSE signal by 2/3. However, NSE may have advantages for the study of oriented samples, as will be discussed below.
Using polarized neutrons, it is possible to determine the fraction of coherent and incoherent scattering as a function of the scattering vector, 
	
		
			
				⃗
				𝑄
			

		
	
. Unfortunately, in spite of the use of polarized neutrons, NSE cannot separate experimentally the incoherent from coherent dynamics because the neutron spin is employed to encode the energy exchanged with the sample. This limitation is a common issue with other spectrometers which do not use polarized neutrons. With this in mind, as long as the incoherent scattering is dominant, this problem can be overcome by collecting data with statistical significance.
The neutron scattering experiment was performed using the NSE spectrometer, on the Neutron Guide 5 (NG5), at the NIST Center for Neutron Research, Gaithersburg, MD, USA. The NG5-NSE was operated at a wavelength of 
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 Å, with a 
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.
The sample was placed in a closed cycle refrigerator which can control the sample temperature with an accuracy of ±0.1 K. The sample was mounted vertically in the neutron beam such that the scattering vector (
	
		
			
				⃗
				𝑄
			

		
	
) could either be placed in the membrane plane (
	
		
			

				𝑞
			

			

				‖
			

		
	
), or perpendicular to the membrane (
	
		
			

				𝑞
			

			

				𝑧
			

		
	
), by simply rotating the sample by 90 degrees. In this way, both out-of-plane and in-plane structures can easily be measured.
In order to normalize the ISF and to correct the instrumental resolution, 
	
		
			
				𝐼
				(
				𝑄
				,
				𝑡
				)
			

		
	
 is usually divided by a measurement of a perfectly elastic scatterer. In our case, the resolution was measured by cooling the sample to 70 K to freeze all molecular motions. The scattering of a sample at such low temperature can be considered to be elastic within the time window of this experiment. The advantage of using the actual sample for normalization is that size and geometry of the resolution sample are preserved. A scan of the empty can was also measured and subtracted from the data. The data were reduced using the software DAVE [22].
2.3. Sample Characterization
The quality of the multi-lamellar membrane samples was checked prior to the inelastic experiments. The lamellar spacing and mosaicity of the multi-lamellar membranes were determined by measuring out-of-plane and rocking scans in situ. The NSE spectrometer was used in diffraction mode, with the 
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/2 flippers off, and the data reported are the average of the NSF and SF counts. Figure 5 shows an out-of-plane scan along the 
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				𝑧
			

		
	
-axis at 
	
		
			
				𝑇
				=
				3
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 K, in the fluid phase of the membranes. Four pronounced Bragg peaks were observed and their positions were determined from fits of Gaussian peak profiles. The 
	
		
			

				𝑞
			

			

				𝑧
			

		
	
-positions are listed in Table 1.
Table 1
	

	Peak order 	
	
		
			

				𝑞
			

			

				𝑧
			

		
	
 (Å−1) 	
	
		
			
				𝛿
				𝑞
			

			

				𝑧
			

		
	

	

	1 	 0.1163 	 0.0001
	2 	 0.2322 	 0.0009
	3 	 0.35 	 0.01
	4 	 0.47 	 0.05
	





	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
		
		
		
		
			
	
	
	
		
			
	


	
		
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
				
				
			
			
				
			
		
		
			
				
				
			
			
				
			
		
		
			
				
				
			
			
				
			
		
		
			
				
				
			
			
				
			
		
		
			
				
				
			
			
				
			
		
		
			
				
				
			
			
				
			
		
	
	
		
			
				
				
				
				
				
				
				
				
				
				
				
			
		
		
			
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
			
		
		
			
				
				
				
			
		
	
	
		
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
		
	
	
		
			
				
				
				
			
			
				
			
			
				
			
			
				
				
				
				
				
				
				
				
				
				
				
				
				
				
			
		
	
	
		
			
				
			
			
				
			
			
				
				
				
				
				
				
				
				
				
			
			
				
			
			
				
			
			
				
				
				
			
			
				
			
			
				
				
				
				
			
			
				
			
			
				
			
		
	

Figure 5: Out-of-plane diffraction data. The 
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-spacing of 
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				=
				5
				4
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				3
			

		
	
 Å, as determined from the fit, corresponds to a hydration of 99.4% relative humidity (RH) [23].



A 
	
		
			

				𝑑
			

			

				𝑧
			

		
	
-spacing of 54.03 ± 0.02 Å was determined and this corresponds to a hydration of 99.4% RH, close to full hydration of the bilayers [23]. We note that the out-of-plane Bragg peaks are significantly broadened as compared to measurements on dedicated neutron reflectometers. The reason for this broadening is that NSE spectrometers use a broad wavelength band of 
	
		
			
				Δ
				𝜆
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				1
				7
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				5
				%
			

		
	
, which leads to an inherent broadening of Bragg reflections. However, the centre of the peaks can well be determined to measure the 
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				𝑧
			

		
	
-spacing of the stacked membranes.
The quality of the sample was checked in rocking scans, as shown in Figure 6. The distribution of membrane normal vectors can be estimated from the peak width to be smaller than ≈1°. The samples are, therefore, characterized as highly oriented membranes. This is a prerequisite to distinguish lateral diffusion from out-of-plane dynamics of the lipid molecules.


	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
	
		
			
	


	
		
			
			
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
				
			
			
				
				
			
		
		
			
				
			
			
				
				
			
		
		
			
				
			
			
				
				
			
		
		
			
				
			
			
				
				
			
		
		
			
				
			
			
				
				
			
		
		
			
				
			
			
				
				
			
		
		
			
				
			
		
		
			
				
			
		
		
			
				
			
		
		
			
				
			
		
		
			
				
			
		
		
			
				
			
			
				
				
			
			
				
			
		
		
			
				
				
				
				
			
			
				
			
			
				
			
		
		
			
				
				
				
				
				
				
				
				
				
				
				
			
		
	

Figure 6: Rocking curve centred at 
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				=
				0
				.
				1
				1
				7
			

		
	
 Å−1, the first out-of-plane Bragg peak in Figure 5 The FWHM of the peak was fitted to be ≈1°.


3. Results
3.1. Polarized Diffraction
The feasibility of detecting incoherent signals critically depends on the ratio between the coherent and incoherent scattering at the different in-plane, 
	
		
			

				𝑞
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, positions. Low-angle diffraction was measured and is shown in Figure 7. An empty can, consisting of silicon wafers without membranes, and instrumental background were subtracted from the data. The incoherent scattering of the lipid molecules in the plane of the bilayers is dominant at 
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				|
				|
			

		
	
 values down to 0.1 Å−1, corresponding to a lateral length scale of about 60 Å. The packing of the lipid acyl chains in the plane of the membrane leads to a correlation peak at a 
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 value of 
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				≈
				1
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				4
				0
			

		
	
 Å−1 [24–26], with a strong coherent scattering contribution, even in protonated bilayers. This potentially leaves a 
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 range of 0.1 Å−1 < 
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 < 1.4 Å−1, corresponding to length scales of 5 Å < 
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 < 60 Å for the study of lipid diffusion using incoherent NSE.


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
			
				
			
				
			
				
		
	


	
		
			
				
			
		
		
			
				
				
				
				
			
		
		
			
				
				
				
			
		
		
			
				
				
				
				
			
		
		
			
				
				
				
			
		
		
			
				
			
			
				
			
		
		
			
				
			
		
		
			
				
			
		
		
			
				
			
		
		
			
				
			
		
		
			
				
			
		
		
			
				
				
			
		
		
			
				
			
			
				
				
			
			
				
			
			
				
			
		
		
			
				
				
				
				
				
				
				
				
				
				
				
			
		
		
			
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
			
		
		
			
				
				
				
				
				
			
		
		
			
				
				
				
				
				
				
				
				
			
		
		
			
				
				
				
				
				
				
				
				
				
				
			
		
		
			
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
			
		
		
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
		
	

Figure 7: Polarized in-plane diffraction data of DMPC with empty can background subtraction. The incoherent scattering signal is dominant above 
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 Å.


For this first test, we have decided to examine dynamics at a 
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 value of 
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				=
				0
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				5
			

		
	
 Å−1 to prove the feasibility of incoherent NSE experiments in supported membrane systems. Dynamics at this 
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				|
				|
			

		
	
 value were previously measured using neutron backscattering such that our results could be directly compared in Section 4.
3.2. Incoherent Neutron Spin Echo
 A typical spin echo is shown in Figure 4. Because of the weak incoherent signals, long counting times were used. Sample, background, and empty can were measured for ≈24 hours each resulting in a total counting time of ≈3 days at this 
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 value. Longer counting times can be expected at smaller 
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				|
			

		
	
 values, where the ratio between incoherent and coherent intensity is less favourable.
The period of the echo is inversely proportional to the wavelength of the neutrons, 
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. By fitting a sinusoidal curve, the amplitude and the average signal are determined. The ISF is obtained from 
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 = (SF + NSF)/(SF−NSF). A series of echoes was measured for different spin-echo times, 
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, between 10 picoseconds and 1 nanosecond. The incoherent ISF is shown in Figure 8. Data start at an 
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 value of 
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 at small times and decays towards longer spin-echo times.
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(b)
Figure 8: 
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				𝑞
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 for 
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				=
				0
				.
				5
			

		
	
 Å−1. (a) 
	
		
			
				𝐼
				(
				𝑞
			

			
				|
				|
			

			
				,
				𝑡
				)
			

		
	
 data fit with a single exponential. (b) 
	
		
			

				𝐼
			

		
	
 
	
		
			
				(
				𝑞
			

			
				|
				|
			

			
				,
				𝑡
				)
			

		
	
 data fit with a double exponential to individually fit the dynamics occurring at long time scales (dashed red curve) and short time scales (dashed blue curve).


In a first attempt (Figure 8(a)) data were fit using a single exponential decay, 
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				−
				𝑡
				/
				𝜏
				)
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							in agreement with a single, Brownian diffusion process. However, the corresponding fit in Figure 8(a) does not provide satisfactory agreement with the data.
In an attempt to describe the data more adequately, a tentative fit of two exponential functions was used, 
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				(
				−
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				/
				𝜏
			

			

				2
			

			

				)
			

			

				,
			

		
	

							to allow for two dynamical processes. The corresponding fit in Figure 8(b) provides better agreement with the data within the error bars of this experiment. 
	
		
			

				𝐴
			

			

				1
			

		
	
 and 
	
		
			

				𝐴
			

			

				2
			

		
	
 are the amplitudes of the two exponential decays; 
	
		
			

				𝜏
			

			

				1
			

		
	
 and 
	
		
			

				𝜏
			

			

				2
			

		
	
 are the corresponding relaxation times. No background was needed to fit the data, which indicates that the incoherent dynamics decay within the time window of this experiment. The fitted parameters are listed in the Table 2.
Table 2: Parameters used to fit the data shown in Figures 8(a) and 8(b).
	

	Model 	
	
		
			

				𝐴
			

			

				1
			

		
	
	
	
		
			

				𝜏
			

			

				1
			

		
	
	
	
		
			
				𝛿
				𝜏
			

			

				1
			

		
	
	
	
		
			
				Δ
				𝐸
			

			

				1
			

		
	
	
	
		
			
				𝛿
				Δ
				𝐸
			

			

				1
			

		
	
	
	
		
			

				𝐴
			

			

				2
			

		
	
	
	
		
			

				𝜏
			

			

				2
			

		
	
	
	
		
			
				𝛿
				𝜏
			

			

				2
			

		
	
	
	
		
			
				Δ
				𝐸
			

			

				2
			

		
	
	
	
		
			
				𝛿
				Δ
				𝐸
			

			

				2
			

		
	

	 (ns) 	 (ns) 	 (μeV) 	(
	
		
			

				𝜇
			

		
	
eV) 	 (ns) 	(ns) 	 (
	
		
			

				𝜇
			

		
	
eV) 	(
	
		
			

				𝜇
			

		
	
eV)
	

	Single exponential	 0.90 	 0.49 	 0.08 	 2.7 	 0.4 	 	 	 	 	 
	Double exponential 	 0.22 	 0.05 	 0.02 	 26 	 11 	 0.68 	 0.9 	 0.2 	 1.4 	 0.3
	




4. Discussion
NSE has been traditionally used to investigate coherent dynamics of polymers and complex systems at 
	
		
			

				𝑄
			

		
	
 values corresponding to the small angle region; see [27] for a recent review. However, NSE was recently also successfully used [17, 18] to investigate incoherent dynamics. We applied incoherent NSE to study the diffusion of lipid molecules in a fluid lipid membrane. By using long counting times, high quality data could be measured. For this first experiment we have chosen a lateral 
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				|
				|
			

		
	
 value of 
	
		
			

				𝑞
			

			
				|
				|
			

			
				=
				0
				.
				5
			

		
	
 Å−1 in order to compare the results to those previously obtained by the neutron backscattering technique.
Figure 9 shows 
	
		
			

				𝜏
			

			

				1
			

		
	
 and 
	
		
			

				𝜏
			

			

				2
			

		
	
 together with quasielastic energy broadening data previously published for DMPC in its fluid phase, at 
	
		
			
				𝑇
				=
				3
				0
				3
			

		
	
 K [8]. Only one diffusion process was observed in the experiment by Armstrong et al. The data quality resulting from this experiment did not allow for the unambiguous assignment of more than one process; however, the diffusion constant obtained from this analysis was in good agreement with coefficients quoted in the literature for similar systems [1, 4, 11, 12, 28]. The fit in Figure 9 corresponds to a diffusion coefficient of 64 × 10−12 m2/s. It has been noted that the line of fit in Figure 9 does not pass through the origin, as one would expect from the Brownian diffusion model [8], and the offset is larger than the instrumental resolution. This behaviour is often observed in the literature on experiments using backscattering spectrometers; however, no consistent explanation has been offered.


	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
	
		
			
		
			
		
			
	
	
	
	
		
			
				
			
				
			
				
		
		
			
			
		
	
	
		
		
		
			
				
					
				
					
				
					
			
			
			
		
	
	


	
		
			
				
			
		
		
			
				
			
		
		
			
				
			
		
		
			
				
			
		
		
			
				
			
		
		
			
				
				
			
		
		
			
				
				
			
		
		
			
				
				
			
		
		
			
				
				
			
		
		
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
		
		
			
				
				
				
				
				
			
			
				
			
			
				
				
				
			
		
		
			
				
				
				
				
				
				
				
				
			
		
		
			
				
				
				
			
		
		
			
				
				
				
				
				
			
		
		
			
				
			
		
		
			
				
			
			
				
			
		
		
			
				
			
			
				
			
		
	
	
		
	

Figure 9: Quasielastic energy broadening (FWHM) as function of 
	
		
			

				𝑞
			

			
				2
				|
				|
			

		
	
. The yellow data and fit were obtained from an experiment performed on the same system using neutron backscattering [8]. The diamond corresponds to the energy broadening which relates to the tau value from the single exponential used to fit 
	
		
			
				𝐼
				(
				𝑄
				,
				𝑡
				)
			

		
	
 in Figure 8(a). The two stars correspond to the tau values obtained from the double exponential fit shown in Figure 8(b).


The relaxation times obtained by NSE were converted to the quasielastic broadening values shown in Table 2 using 
						
	
 		
 			
				(
				3
				)
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				F
				W
				H
				M
			

			
				=
				2
				ℏ
			

			
				
			
			
				𝜏
				,
			

		
	

					which can be obtained by simply Fourier transforming the self ISF, resulting in a Lorentzian function which has a FWHM that is the quasielastic energy broadening.
This equation can be simplified to 
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					where the units of 
	
		
			
				Δ
				𝐸
			

			
				F
				W
				H
				M
			

		
	
 and 
	
		
			

				𝜏
			

		
	
 are μeV and ns, respectively. These energies are included in Figure 9 as stars, which correspond to the two dynamical processes measured at 
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				|
				|
			

			
				=
				0
				.
				5
			

		
	
 Å−1. The relaxation time found by fitting 
	
		
			
				𝐼
				(
				𝑞
			

			
				|
				|
			

			
				,
				𝑡
				)
			

		
	
 using a single exponential in Figure 8(a) is also included.
The relaxation time determined by the single exponential fit of 
	
		
			
				𝜏
				=
				0
				.
				4
				9
			

		
	
 ns occurs at a 
	
		
			
				Δ
				𝐸
			

		
	
 value of 
	
		
			
				Δ
				𝐸
				=
				2
				.
				7
			

		
	
 μeV, much smaller than the process reported by the backscattering technique. However, we note that the corresponding model in Figure 8(a) did not provide a good fit to the data. We, therefore, attempted to fit the data by two exponential functions in Figure 8(b).
The fast process at 
	
		
			

				𝜏
			

			

				1
			

			
				=
				0
				.
				0
				5
			

		
	
 ns (
	
		
			
				Δ
				𝐸
				=
				2
				6
			

		
	
 μeV) agrees well with the dynamics observed in the backscattering experiment at this length scale in Figure 9. It, therefore, seems that the energy offset observed in the backscattering experiment is not related to the instrumental resolution of the backscattering instrument, as speculated previously.
An energy offset at small 
	
		
			

				𝑞
			

			
				|
				|
			

		
	
 has been reported for confined diffusion, such as diffusion in a sphere or cylinder [29–31]. At smaller length scales (large 
	
		
			

				𝑞
			

			
				|
				|
			

		
	
), the particles follow a typical Brownian diffusion process. However, when the displacement becomes comparable to the size of the confinement, the particles start to “feel” their confinement and the quasielastic energy broadening becomes constant, leading to an offset. The faster process can, therefore, be tentatively assigned to lipid motion confined to a certain area in the membrane. This observation is in agreement with recent results, which suggest that lipids move coherently in loosely bound clusters of ≈30 Å diameter, rather than as independent molecules [9–11].
The second, slow process at 
	
		
			

				𝜏
			

			

				2
			

			
				=
				0
				.
				9
			

		
	
 ns (
	
		
			
				Δ
				𝐸
				=
				1
				.
				4
			

		
	
μeV) was not observed in the backscattering data in Figure 9. Slow, long-range diffusion was reported by Busch et al. [11] using the neutron time-of-flight technique. The energy broadening of ≈1 μeV at a 
	
		
			

				𝑄
			

		
	
 value of 0.5 Å−1 determined by Bayesian analysis of the small broadening of the instrumental resolution corresponds well with the value for 
	
		
			

				𝜏
			

			

				2
			

		
	
.
The two processes identified in Figure 8(b) can, therefore, be tentatively assigned to a slow, unconstrained lipid diffusion and a second, faster process related to confined lipid diffusion. As depicted in Figure 10, these processes may be related to diffusion of a lipid molecule within a coherently coupled patch, and diffusion of the whole patch. While the confined process (Figure 10(a)) occurs on small length scales, the purely Brownian process in Figure 10(b)) most likely occurs over larger distances and can possibly be observed using FCS.
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(b)
Figure 10: Schematic diagram illustrating the two diffusion processes thought to occur in this system. (a) The faster diffusion process of an individual lipid moving, confined within a domain. (b) The slower diffusion process of a lipid moving as part of a larger domain.


We note that the purpose of the present experiment was to prove the feasibility of incoherent NSE experiments in solid supported membrane systems and to compare the results to data previously obtained by neutron backscattering. The determination of slopes, from which diffusion coefficients can be calculated, involves the measurement of several 
	
		
			

				𝑞
			

			
				|
				|
			

		
	
-values, and is beyond the scope of the present experiment. We can not, therefore, make a statement about diffusion constants or the molecular mechanism of diffusion at this time.
Further experiments are required to determine the precise shape of 
	
		
			
				Δ
				𝐸
				(
				𝑞
			

			
				|
				|
			

			

				)
			

		
	
 in an effort to more accurately assign the underlying diffusion mechanisms. To determine the molecular mechanism of lipid diffusion, several 
	
		
			

				𝑞
			

			
				|
				|
			

		
	
 values between 0.1 Å−1 and 1.4 Å−1 will be measured in future experiments.
5. Conclusion
This experiment proves the feasibility of measuring the diffusion of lipid molecules in oriented membrane systems using incoherent NSE spectrometry.
There are several advantages of using NSE spectrometers to measure diffusion in membranes as compared to backscattering spectrometers. NSE covers a large dynamic range, from 0.005 ns to 15 ns. By using oriented samples, lateral diffusion can well be separated from out-of-plane motions. And finally, data quality is not limited by the instrumental resolution.
This technique will, in the future, be used to determine lipid diffusion on length scales up to 60 Å, a regime previously inaccessible by neutron probes. This length scale is significantly larger than lipid-lipid distances and will allow for the testing and designation of different lipid diffusion models to the membrane system.
At present, incoherent NSE experiments in membrane systems are hindered by the inherently long counting times required to resolve the small incoherent signals. However, diffusion of lipids and proteins in membranes under physiological conditions is an important topic in membrane biophysics with implications in cancer and Alzheimer’s research, making these types of measurements highly relevant. Incoherent NSE can push the limit of length scales accessible via neutron scattering, thus enabling the study of diffusion over mesoscopic distances and closing the gap between neutron and fluorescence experiments.
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