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ABSTRACT: We report on the use of characteristic prompt
γ-fluorescence after neutron capture induced by an evanescent
neutron wave to probe densities and depth profiles of labeled
molecules at solid/liquid interfaces. In contrast to classical
scattering techniques and X-ray fluorescence, this method of
“grazing-incidence neutron-induced fluorescence” combines
direct chemical specificity, provided by the label, with
sensitivity to the interface, inherent to the evanescent wave.
We demonstrate that the formation of a supported lipid
membrane can be quantitatively monitored from the characteristic fluorescence of 157Gd3+ ions bound to the headgroup of
chelator lipids. Moreover, we were able to localize the 157Gd3+ ions along the surface normal with nanometer precision. This first
proof of principle with a well-defined model system suggests that the method has a great potential for biology and soft matter
studies where spatial resolution and chemical sensitivity are required.

I. INTRODUCTION

Lipid membranes deposited on planar substrates1,2 have been
commonly used as model systems of biomembranes. Single
supported membranes or multilayers3 are versatile platforms for
the study of biological surfaces and can be investigated in
various aspects including membrane structure, mechanics,
dynamics, and molecular interactions. X-ray and neutron
scattering provide spatial resolution at molecular length scales
and access to buried structures and become especially powerful
when samples possess planar geometry, allowing the simulta-
neous probing of structures perpendicular and parallel to the
surface. Using this approach, various properties of biomem-
branes have been studied, which include structural aspects,4−9

dynamics of lipid molecules,10,11 and membrane mechan-
ics.4,8,12−14 While grazing-incidence small-angle scattering
(GISAXS and GISANS) yields information on in-plane
structures close to the surface,15−17 reflectometry is a powerful
scattering technique to determine density profiles perpendicular
to the surface.4,6,9,18 However, despite the development of
isotopic substitution,5 classical scattering techniques are
intrinsically lacking direct chemical sensitivity. This becomes
problematic in cases of soft and complex interfaces with graded
scattering length density (SLD) profiles, where the distribu-
tions of different molecules cannot be determined unambigu-
ously. Sensitivity to chemical elements is provided by grazing-
incidence X-ray fluorescence (GIXF), which utilizes an
evanescent X-ray wave at the air/water interface to probe
density profiles of chemical elements by inducing characteristic
fluorescence.19,20 This method revealed ion distributions at the
air/water interface21,22 but cannot be transferred to solid/liquid
interfaces. As an alternative, standing-wave X-ray fluorescence

(SWXF) has been employed to study elemental distributions
near solid surfaces,23−26 but since the beam is transmitted
through the aqueous phase, fluorescence background is
generated unless the bulk concentrations of target elements
are very low. In summary, a technique to probe solid/liquid
interfaces that combines direct chemical specificity with
inherent sensitivity to the interface would be desirable in
colloidal chemistry, biochemistry, and material science. Here,
we introduce grazing-incidence neutron-induced fluorescence
(GINF), a method to probe the interfacial density of labeled
molecules at solid/liquid interfaces with an evanescent neutron
wave. The method is based on the prompt emission of γ
radiation after neutron capture, a principle that has been
successfully applied by Zhang et al. to study thin solid films in
neutron standing-wave experiments.27,28 But despite medical
applications for the detection of chemical elements in
tissues,29,30 neutron-induced γ radiation has so far not been
used to probe dilute layers of labeled molecules in aqueous
environments. GINF utilizes an evanescent neutron wave near
a solid/liquid interface to induce the characteristic γ-
fluorescence of the nuclide label. The technique is applicable
to all systems where nuclides that possess high cross sections
for neutron capturesuch as 157Gd, 149Sm, 113Cd, and 10B
can be used as labels. It has therefore a great potential in
colloidal chemistry, biochemistry, and material science. In the
present study, a supported membrane incorporating chelator
lipids that complex Gd3+ ions is investigated. The membrane is
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formed by fusion of unilamellar vesicles on a monolayer of alkyl
chains grafted onto the silicon surface.9,31 We demonstrate that
GINF can quantify the surface density of the 157Gd label bound
to the membrane surface and that it can localize it with
nanometer precision.

II. EXPERIMENTAL DETAILS AND METHODS
A. Chemicals and Sample Preparation. Unless stated otherwise,

all chemicals were purchased from Fluka (Taufkirchen, Germany) and
used without further purification. D2O was purchased from Euriso-
Top, Saint-Aubin, France. GdCl3 was prepared from Gd2O3 by
addition of concentrated HCl solution and subsequent drying in a
rotary evaporator. The Gd2O3 was 91% enriched in its 157Gd content
( f157 = 0.91) and purchased from Trace Science International,
Richmond Hill, Canada. In order to remove remaining traces of
H2O, the resulting GdCl3 salt was redissolved in D2O several times
and dried again. In the last step, D2O was added to generate a 30 mM
GdCl3 stock solution, which was diluted with D2O-based electrolyte
solutions. 1-Stearyl-2-oleoyl-sn-glycerophosphatidylcholine (SOPC)
was purchased from Avanti Polar Lipids (Alabaster, AL). The Gd−
chelator lipid was prepared by reaction of 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine (Sigma) with diethylenediaminepentaacetic
acid dianhydride (Aldrich) as previously described for the dipalmitoyl
analogue.32 Figure 1a shows the Gd−chelator lipid in its fully
deprotonated state forming a complex with a Gd3+ ion. Vesicle
suspensions were prepared by mixing chloroform solutions of SOPC
and Gd−chelator lipid in defined quantities. The dry lipid mixtures
were then suspended into D2O-based electrolyte solutions at a

concentration of 5 mg/mL, incubated for 6 h at 40 °C, and tip-
sonicated in order to create small unilamellar vesicles (SUVs).
Subsequently, the SUV suspensions were diluted to a final
concentration of 0.5 mg/mL in electrolyte solutions containing 100
mM NaCl and GdCl3 at defined concentrations. For GINF
measurements two different types of monocrystalline silicon (100)
blocks (Holm Silicon, Tann, Germany) were used, with a topological
root-mean-square (rms) roughness of ≈0.5 nm and dimensions of
either 80 × 50 × 15 mm3 or 100 × 60 × 5 mm3. The silicon chips used
for X-ray reflectometry (Si-Mat, Landsberg/Lech, Germany) had
identical specifications and dimensions of 24 × 10 × 0.65 mm3. All
silicon surfaces were rendered hydrophobic with a monolayer of
octadecylsilane covalently grafted to the native silicon oxide to form a
homogeneous monolayer of alkyl chains.33 The samples were then
inserted into liquid cells and exposed to H2O-based (X-ray
measurements) or D2O-based (neutron measurements) electrolyte
solutions containing 100 mM NaCl and GdCl3 at defined
concentrations. For the formation of the lipid membranes, SUV
suspensions containing 40 mol % ( fch = 0.4) Gd−chelator lipid were
injected into the liquid cells and incubated for >1 h in contact with the
hydrophobic surface. The hydrophobic alkylsilane monolayer triggers
the fusion of vesicles and the formation of a lipid membrane.9 At room
temperature, SOPC is in the fluid phase, with an average area per lipid
molecule of A ≈ 0.61 nm2 (see ref 34), and it has been demonstrated
that hybrid bilayers consisting of a surface-grafted alkylsilane layer and
a lipid monolayer behave as two structurally uncoupled mono-
layers.35,36 The architecture of the solid-supported lipid membranes is
illustrated in Figure 1b. Mixtures of phospholipids and lipid-anchored
chelators have also been studied by other groups.37,38

Figure 1. (a) Chemical structure of the Gd−chelator lipid forming a complex with a Gd3+ ion. (b) Illustration of the solid-supported lipid membrane.
The membrane consists of a substrate-grafted alkylsilane monolayer, on top of which a lipid monolayer is deposited by fusion of unilamellar vesicles.
The monolayer contains defined amounts of Gd−chelator lipid. (c) Setup for grazing-incidence neutron-induced fluorescence experiments at the
solid/liquid interface. An evanescent neutron wave created in the liquid phase near the interface induces γ-fluorescence via neutron capture by
nuclide labels. The characteristic fluorescence γ radiation is recorded with an energy-sensitive γ-detector.
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B. Experimental Setup and Measurements. GINF experiments
were carried out at the D16 diffractometer of the Institut Laue-
Langevin (ILL, Grenoble, France). The experimental setup (top view)
is illustrated in Figure 1c. In the GINF experiments a vertically focused
monochromatic neutron beam with λ = 4.72 Å and Δλ/λ = 1% reaches
the interface between the silicon substrate and the D2O-based aqueous
solution through the silicon substrate. The critical angle of total
reflection in this configuration is θc = 0.316°. The angular divergence
of the neutron beam in the plane of incidence was about δθ = 0.01°, as
defined by the widths of the slits (n-slit 1 and n-slit 2) and by the slit
distance. Neutrons are captured by the 157Gd3+ ions bound to the
membrane surface. At λ = 4.72 Å, the neutron capture cross section of
157Gd is as large as σ = 0.53 Mb39 (megabarns). After capture, the
resulting 158Gd nuclide is in an excited state that promptly decays to
the ground state through various channels. The strongest line is at 182
keV with a yield of ϕ182 = 0.183 photons per neutron capture.39 The
182 keV photons are transmitted through the silicon substrate and
detected with an energy-sensitive γ-detector. The nuclear reaction
employed for the measurement can be summarized as [157Gd + n →
158Gd + γ182 keV + other γs]. The 182 keV photons emitted after
neutron capture are detected with a high-purity germanium detector
(Coaxial HPGe, 3 in. diameter, 25% relative efficiency, Canberra
Industries, Meriden) cooled with liquid N2. In order to minimize the
background, a dedicated shielding for sample environment and γ-
detector was designed as well as an additional γ-collimator consisting
of two pairs of lead slits placed at the exit of the monochromator
casemate.
The angle-dependent fluorescence intensity (i.e., the γ count rate)

r(θi) is proportional to the spatial integral over the product of the label
density profile ρ(z) and the angle dependent neutron density profile
I(θi,z):

∫θ θ θ ρ=
−∞

∞
r B I z z z( ) ( ) ( , ) ( ) di i i (1)

This is in full analogy to the case of X-rays20−22 when the depth
dependence of fluorescence reabsorption is neglected. The angle-
dependent prefactor B is determined by the beam footprint, by the
(weak) angle dependence of the γ detection efficiency, and by a
number of angle-independent setup parameters (see further below).
I(θi,z) was computed from a suitable slab model representation of the
interfacial SLD profile (see below) by a phase-correct summation of all
reflected and transmitted partial waves as has been described
previously for X-rays19,22 and neutrons27,28,40 (see also Supporting
Information). In this calculation, interfacial roughness was rightfully
neglected, since the corresponding Nev́ot−Croce factors exp(−(qzσ)2/
2) are close to unity in the considered angle range, where qz = 4π sin
θi/λ.

X-ray reflectivity curves were measured using a Bruker D8 Discover
X-ray reflectometer with molybdenum anode and 17.5 keV beam
energy.

C. Prediction of Absolute γ Count Rates. For a fixed incident
angle θi, the absolute rate r with which the detection system counts
182 keV photons emitted by the labeled membrane surface can be
expressed as

=r Q P Pn c d (2)

where Qn = 1480 ± 20 s−1 denotes the incident neutron flux, Pc the
probability of each incident neutron to be captured by 157Gd bound to
the membrane surface, and Pd the probability of each capture event to
be recognized by the setup via detection of a 182 keV photon. Note
that the low neutron flux results from the narrow slit at the sample (n-
slit 2, closed to 150 micrometers horizontally) required for sample
under-illumination below the critical angle of total reflection.

For a sharp (delta-like) 157Gd distribution at the membrane surface,
Pc can be expressed in terms of the average transmittivity ⟨Tn⟩ ≈ 0.91
of the silicon substrate for the incident neutrons, the ratio between
capture cross-section σ and average area A* per surface-bound 157Gd
normal to the beam, and the relative neutron density at the membrane
surface Isurf/I0 with respect to the incident beam.

σ= ⟨ ⟩
*

P T
A

I
Ic n
surf

0 (3)

A*, in turn, follows from fch, f157, and θi (see above), from the
membrane area per lipid molecule A, and from the average number nch
of Gd3+ ions associated with one Gd−chelator lipid:

θ* =A
A

f f n
sin i

ch 157 ch (4)

For θi = 0.28°, the neutron density at the membrane surface, Isurf, is
more than 3 times higher than in the incident beam (Isurf/I0 = 3.3 ±
0.3, see Figure 4a). This value is robust with respect to variations in
the slab representation of the hydrocarbon layer. The error associated
with Isurf/I0 mainly represents the uncertainty in the exact z-location of
the Gd3+ ions at the membrane surface (δz ≈ 1 nm).

Pd in eq 2 is characterized by the fluorescence yield ϕ182, by the
transmittivity Tγ ≈ 0.65 of the silicon substrate for 182 keV photons,41

and by the counting efficiency ηγ = 0.050 ± 0.005 of the detection
system for 182 keV photons in the measurement configuration, which
was thoroughly measured by exposure of a calibration standard of
known neutron conversion efficiency with the collimated incident
beam at the sample position:

ϕ η= γ γP Td 182 (5)

Figure 2. (a) X-ray reflectivity of the silane-functionalized silicon substrate in air (bottom), after the formation of a SOPC monolayer incorporating
40 mol % chelator lipid in GdCl3-free buffer (middle), and after rinsing with a buffer containing 200 μM GdCl3 (top). Curves are shifted vertically
for clarity. Open symbols represent experimental data. Solid lines represent calculated reflectivities based on a slab-model representation of the
interfacial electron density profiles. (b) Reconstructed electron density profiles for supported membranes in buffer with and without GdCl3. Model
parameters for the membrane in GdCl3-loaded buffer are summarized in Table 1.
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Besides nch, all parameters are known with reasonable accuracy, so that
r can be rewritten as

α=r nch (6)

where α = 0.18 ± 0.05 s−1. The relative uncertainty in α (αΔ/α ≈ 0.3)
mainly results from the relative uncertainties in A, Isurf/I0, and ηγ (all
≈0.1), but to a lesser extent also from the relative uncertainties in the
other parameters (between 0.02 and 0.05).

III. RESULTS AND DISCUSSION
Figure 1b schematically shows the sample architecture after
formation of a solid-supported lipid membrane by vesicle
fusion. The sample structure is first characterized by high-
energy X-ray reflectometry. Figure 2a shows X-ray reflectivity
curves of the bare silane-functionalized silicon substrate in air
(bottom), after membrane formation in GdCl3-free buffer
(middle), and after rinsing with a buffer containing 200 μM
GdCl3 at pH 6 (top). Note that the same sample was used for
all three reflectivity measurements and that surface modifica-
tions were performed in situ between the acquisitions. Open
symbols represent experimental data. Solid lines represent
calculated reflectivities based on a slab-model representation of
the interfacial electron density profiles. For the description of
the bare silane-functionalized substrate, a one-slab-model was
used, representing the hydrocarbon layer between silicon and
air bulk media. For the description of the supported membrane
in water, a two-slab-model was employed, with one slab
representing the hydrocarbon layer jointly formed by silane and
lipid alkyl chains and one slab representing the lipid headgroups
of SOPC and chelator lipid. The best-matching model
parameters of the membrane in GdCl3-loaded buffer (electron
densities ρe of slabs and bulk media, slab thicknesses d, and
root-mean-square roughness parameters σ of the interfaces) are
summarized in Table 1. The parameters for the other

conditions are given in the Supporting Information. In order
to minimize the number of independent fitting parameters, all
three curves were fitted simultaneously, with common
parameters for the roughness of the interface between silicon
substrate and hydrocarbon layer and for the electron density of
the hydrocarbon layer. Figure 2b shows the reconstructed
electron density profiles of supported membranes in GdCl3-free
(blue line) and GdCl3-loaded (red line) buffer. The membrane
jointly formed by the alkyl chains of silane and lipid monolayer
can be represented with a slab of about 3 nm thickness at the
interface between silicon and water. The significant increase in
the headgroup electron density in the presence of GdCl3 can be
attributed to the binding of Gd3+ ions to the negatively charged
chelator lipids incorporated in the membrane. We find that the
ions are confined close to the membrane surface, at a distance
of below about 1 nm from the hydrocarbon layer. The z-
integrated electron density difference between GdCl3-free and
GdCl3-loaded cases corresponds to an area excess of 0.24 e−/
Å2, reasonably close to the estimated value of 0.34 e−/Å2, which

assumes the displacement of 3 Na+ ions (corresponding to 30
electrons) by each Gd3+ ion (corresponding to 61 electrons)
and a membrane area of 90 Å2 per Gd3+ ion. The latter number
is estimated from the area per lipid molecule (≈60 Å2), the
density of chelator lipids (40 mol %), and from the maximal
charge per chelator lipid (−5 e−). The actual Gd density at the
interface, however, is difficult to quantify by our X-ray
reflectivity measurements alone, since differences in ionic
volumes as well as the displacement of water molecules and
molecular rearrangements induced by the presence of GdCl3
contribute to changes in the interfacial electron density profile.
In the present study the Gd density at the membrane surface

is high enough to deduce the label position from the X-ray
reflectivity measurements, which provides us with an
independent validation of the GINF results detailed further
below. We would like to point out, however, that when dealing
with more complex soft interfaces (i.e., with lower label
densities and more diffuse label distributions) or lighter labels,
this would become hardly feasible. In these cases it will be more
rewarding to determine SLD profiles by neutron reflectivity
measurements in parallel with GINF.
During GINF measurements the neutron beam impinges

onto the silicon/D2O interface at an incident angle θi below or
slightly above the critical angle of total reflection θc = 0.316°.
For illumination below θc, the lipid membrane at the interface
is illuminated with an evanescent neutron wave with a decay
length in the nanometer range. Because of interference of
incident and reflected neutron beams, the neutron density at
the membrane surface in general deviates substantially from
that of the incident beam, depending on θi (see Figure 4a). The
inset of Figure 3a shows the neutron reflectivity curve (symbols
with error bars) of a sample around the critical angle of total
reflection. All features characterizing the sample alignment
coincide with the geometrical prediction (indicated with a solid
red line), including the transition from over- to under-
illumination at θi ≈ 0.13°, the flat plateau of total reflection,
and the position of the critical angle of total reflection, θc ≈
0.32°. The intensity of the reflected beam in the plateau is
slightly lower than that of the incident beam, depending on the
amount of diffuse scattering from the topologically rough
interface and on the level of neutron absorption. It has been
shown that the intensity loss below the critical angle can be
analyzed to deduce the composition of porous thin films.42 In
the absence of GdCl3 (without neutron absorption by the

157Gd
label) the decrease is still significant (≈4%). The amount of
diffuse scattering depends on the topological roughness of the
interface. Quantifying the neutron capture rate from a decrease
in specular reflectivity alone is therefore not possible without an
independent measurement of the total diffuse intensity. In our
measurements, in contrast, the capture rate by the label is
unambiguously measured from the intensity of the character-
istic lines in the γ-spectrum. Importantly, the relative statistical
error of a GINF experiment is lower than that of the
corresponding reflectometry experiment when neutron absorp-
tion is weak (see Supporting Information).
In a first set of experiments, GINF measurements were

carried out at a fixed angle of incidence of θi = 0.28°, well
within the plateau of total reflection (see inset Figure 3a). The
relative energy resolution of the γ-spectra at 182 keV was about
2%. The spectra recorded before (dotted black line) and after
(solid red line) the formation of the 157Gd-labeled membrane at
the interface are presented in the main panel of Figure 3a. In
both cases the aqueous electrolyte solution contains 200 μM

Table 1. Membrane Electron Density Model Parameters in
the Presence of GdCl3

a

silicon hydrocarbon headgroup water

ρe (e
−/Å3) 0.71 0.32 0.56 0.33

d (Å) ∞ 29 4 ∞
σ (Å) 4 2 4

aρe denotes the electron density, d the thickness, and σ the rms
roughness of each slab with the adjacent medium.
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GdCl3 at pH 6. The spectra exhibit a clear difference in the
characteristic 182 keV line emitted after neutron capture by
157Gd. Another characteristic feature is observed at 43 keV,
resulting from internal conversion of Gd after neutron
capture43 (see also Supporting Information). The second
strongest line of the 157Gd neutron capture reaction at 79 keV
(see Supporting Information) is hidden between the Kα and
Kβ lines of Pb and therefore difficult to observe. The peak at
511 keV originates from the ubiquitous electron/positron pair
annihilation. Figure 3b shows the 182 keV peak obtained before
and after formation of the Gd-labeled membrane (symbols)
together with the best Lorentzian fits (solid lines). The neutron
capture signal is strongly increased by the formation of the Gd-
labeled membrane at the interface (red line). It should be noted
that significant 182 keV intensity is found even before fusion of
vesicles (black) when 157Gd is already present in the subphase.
However, its bulk concentration (200 μM) is too low to explain
this signal from the bulk-level abundance of 157Gd in the first
few nanometers probed by the evanescent neutron wave.
Instead, the signal has to be attributed to neutrons that are
scattered into the aqueous volume and captured by 157Gd. This
signal before the formation of the membrane is therefore the
correct reference to consider (in the absence of 157Gd in the
bulk no signal is detected at 182 keV). The absolute count rate
originating from 157Gd bound to the membrane surface at 182
keV, r, is thus the difference between the integrated intensities
(i.e., areas under the peaks) before and after the formation of
the membrane. The count rate can be related quantitatively to
the number nch of Gd

3+ ions associated with one Gd-chelator
lipid: r = αnch, where α = 0.18 ± 0.05 s−1 (see Experimental
Details and Methods). We find that r ≈ 0.32 s−1, corresponding
to nch = 1.8 ± 0.5. This result appears reasonable, as each Gd−
chelator lipid can possess up to five negative charges at neutral
pH, located at one phosphate group and four carboxyl groups
(see Figure 1a). The charges remaining after complexation of
one Gd3+ have to be screened by the electrolyte. This screening
is largely dominated by the trivalent Gd3+ ions, such that up to
nch = 5/3 ≈ 1.67 is expected. In summary, we find remarkable

agreement between estimated and measured fluorescence
intensities.
In the same set of experiments we explored the pH

dependence of nch, which reflects the pH dependence of the
complexation efficiency between Gd3+ and the Gd−chelator
lipids. For that purpose the liquid cell was rinsed with an excess
of aqueous electrolyte of the same composition, but at different
pH values. Figure 3c shows the 182 keV line intensity for
various pH values. A clear trend is observed: the count rate
originating from the membrane decreases with decreasing pH.
Starting from r ≈ 0.32 s−1 at pH 6, the count rate decreases to r
≈ 0.19 s−1 at pH 4, corresponding to nch = 1.1 ± 0.3. At pH 3, r
becomes almost insignificant. The observed trend can be
understood from the pK values of the carboxyl groups in the
Gd−chelator lipids, which lose their negative charge at low pH
via protonation. As a consequence, the complexation efficiency
decreases with decreasing pH. The result is in good qualitative
agreement with titration curves of DTPA−lanthanide com-
plexes,44 whose charge is pH sensitive mostly in the interval
(2.5 < pH < 4.5). For our system the interval is shifted to
slightly higher values (we find a clear difference between pH 6
and pH 4; see Figure 3c), which indicates that Gd3+ is more
easily released from the chelator lipid than from free DTPA.
This can be attributed to the fact that, in the chelator lipid, one
carboxyl group of DTPA is involved in the binding to the lipid
anchor (see Figure 1a) and can, thus, not contribute to complex
formation. It has been shown that the number of carboxyl
groups has a significant influence on the complexation
strength.45 The electrostatics at charged interfaces in the
presence of multivalent ions is a complex problem in general,
due to ion-correlation effects46 influencing the local pH near
the charged surface and due to the fact that pK values at an
interface can differ from those of isolated groups in bulk.47

Theory can thus profit strongly from direct measurements of
interfacial ion distributions as presented here and in previous
studies.16

According to eq 1, the fluorescence intensity emitted by the
sample is proportional to the neutron density at the label

Figure 3. (a) γ-Spectra recorded before (black) and after (red) the formation of a Gd-labeled membrane at the interface. The characteristic
fluorescence at 182 keV after neutron capture by 157Gd is indicated with an arrow. Characteristic energies of internal conversion, Pb Kα, Pb Kβ, and
pair annihilation are denoted i, ii, iii, and iv, respectively (see main text). The inset shows the neutron reflectivity curve around the critical angle of
total reflection of an aligned sample. Error bars represent the statistical error of the neutron counting. The critical angle θc is indicated with a dotted
vertical line. Solid red lines superimposed on the data points represent the predicted curve at low incident angles. (b) Intensity of the 182 keV line
before (black) and after (red) the membrane formation. The area between the two peaks (shaded in orange) corresponds to the count rate r. (c) 182
keV line intensity subject to variations in the bulk pH, reflecting the pH dependence of the chelator binding efficiency.
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position, which depends on the incident angle θi and on the
interfacial scattering length density (SLD) profile. In a simple
slab model of the SLD profile, the membrane formed by the
hydrogenated alkyl chains of silane and the phospholipid
monolayers can be represented with one slab of low SLD (≈
−0.5 × 10−6 Å−2) and a thickness of about 3 nm (as
determined by X-ray reflectometry, see Table 1) at the interface
between silicon (SLD: 2.07 × 10−6 Å−2) and D2O (SLD: 6.37
× 10−6 Å−2). This is shown in Figure 4a (black line), together

with interfacial neutron density profiles calculated according to
this slab model for θi = 0.28° (red line) and θi = 0.40° (blue
line) as described in the Experimental Details and Methods.
Accounting for the thin oxide layer (SiOx) at the substrate
surface has no significant influence. In a second set of
experiments with further optimized sample geometry and
improved detection resolution (about 1% relative energy
resolution, see Supporting Information) we used the θi

dependence of the interfacial neutron density to spatially
localize the 157Gd labels at the membrane surface. For this
purpose, θi was varied around the critical angle of total
reflection, and the characteristic fluorescence intensity from a
157Gd-labeled membrane surface was recorded. In order to be
sensitive solely to the membrane-bound 157Gd, we kept the
bulk concentration of GdCl3 as low as 5 μM and subtracted the
weak reference signal generated at the same bulk concentration
by a membrane without Gd−chelator lipids. The inset of Figure
4b shows γ spectra around 182 keV of labeled membrane and
reference system for θi = 0.28°. The main panel of Figure 4b
shows the corrected fluorescence intensity as a function of θi.
Data points are normalized to the size of the beam footprint, to
the incoming neutron flux, and to the θi dependence of the
fluorescence detection efficiency (determined independently
with the same geometry). Error bars indicate the standard error
of the fitted 182 keV peak intensity in the γ spectra. Incident
angles below 0.20° are not considered in order to strictly ensure
sample under-illumination. The angle dependence of the
fluorescence signal contains accurate information on the z-
distribution of the label. The lines superimposed on the data
points represent theoretical predictions of the intensities, based
on the interfacial SLD profile and on the position of the 157Gd
labels. The modeled intensities account by convolution for the
finite angular divergence of the incident neutron beam (δθ =
0.01°, see Experimental Details and Methods) and are scaled to
match experimental data points at large angles (above θc),
where the neutron density in the aqueous medium is z-
independent and intensities are, thus, not depending on the
label distribution. Label distributions were modeled as sharp
Gaussian peaks (fwhm = 0.5 nm = 2.355σ) in the aqueous
medium in a distance z0 from the interface with the
hydrocarbon layer:

ρ σ∝ − −z z z( ) exp( ( ) /2 )0
2 2

(7)

Solid black and dashed red lines in Figure 4b correspond to
z0 = 0.5 nm and z0 = 1 nm, respectively. Both are plausible
assumptions considering the extension of the Gd−chelator lipid
headgroups at the membrane surface. The dashed blue line
corresponds to z0 = 3 nm, which is unlikely from a structural
viewpoint (see X-ray reflectometry results, Figure 2b), and the
dotted green line to z0 = 5 nm, which is physically nonrealistic.
Clearly, only the first two models (z0 ≤ 1 nm) are in agreement
with the measured data points within the error, while the other
two scenarios can be excluded. This result demonstrates that
GINF has the potential to localize labeled molecules at solid/
liquid interfaces with nanometer precision. It should be noted,
though, that the resolution with which general molecular
distributions of unknown shape can be determined has yet to
be explored.
In the present study the label density was chosen to be very

high (40 mol % Gd−chelator lipid), for a first proof of
principle. The enrichment of heavy Gd3+ ions at the membrane
surface can even be resolved (albeit not quantified
unambiguously) by classical X-ray reflectometry (see above).
We would like to point out, however, that GINF does not
require heavy target elements in general. The label boron (B),
for instance, is very light and more generally applicable from a
chemical viewpoint, as it is accessible to covalent chemistry.48

The labels suitable for GINF are not commonly used in biology
and soft matter, but when employed at sufficiently low
concentrations and bound to chelators, also the multivalent

Figure 4. (a) Slab model (black line associated with the right axis) of
the scattering length density (SLD) profile around the solid/liquid
interface accommodating the 157Gd-labeled lipid membrane and
corresponding neutron density profiles (red and blue lines associated
with the left axis) computed for the θi = 0.28° < θc (red) and θi = 0.40°
> θc (blue). Because of interference the neutron density at the labeled
membrane surface deviates from that of the incident beam, I0. z = 0
denotes the interface between alkyl chains and the aqueous region
including hydrated lipid headgroups. (b) Normalized fluorescence
intensity from the labeled membrane (symbols with error bars) after
reference subtraction as a function of θi. Error bars represent standard
errors of the fluorescence intensity. Lines are theoretical predictions
for various positions z0 of the

157Gd labels. Inset: γ spectra around 182
keV of labeled membrane (red) and reference system (blue) measured
for θi = 0.28°.
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ions Gd3+, Cd2+, and Sm3+ do not necessarily perturb the
studied system more than do popular label types such as heavy
metals or chromophores. In fact, chelated Gd3+ is widely used
as a contrast agent in in vivo MRI diagnostics.
Nevertheless, GINF will hardly be able to compete with

reflectometry in its classical domain. For the study of well-
structured interfaces with dense molecular layers, X-ray and
neutron reflectometry with contrast variation or selective
deuteration achieve unmatched spatial resolution.49,50 The
application area of GINF we therefore expect to be mostly
where classical reflectometry at the solid/liquid interface
reaches its limits. GINF may be the method of choice when
molecular distributions of interest are too dilute or too diffuse
to provide sufficient SLD contrast for classical reflectometry.
Applications may include studies of (i) the orientation of end-
labeled macromolecules at interfaces or the end point
distribution of polymer chains, (ii) distributions of biomole-
cules interacting weakly with diffuse interfaces, (iii) interfacial
depletion effects (e.g., the exclusion of peptides or proteins
from crowded layers or extracellular matrices), (iv) the
permeation kinetics of labeled molecules through pores or
defects in supported membranes, or (v) the diffusion kinetics of
biomolecules through gels or crowded layers. The unique
isotopic sensitivity may be exploited for studies on the lifetime
of ion−chelator complexes and its dependence on pH and ion
concentration. We estimate that the current GINF setup
provides sufficient signal/noise ratio to work with label
densities of one label per 10 nm2. Further optimization of
detection efficiency and the use of time-of-flight measurements
may lead to an additional gain in sensitivity of 1 order of
magnitude.

IV. CONCLUSIONS

The combination of chemical (and isotopic) specificity with
inherent sensitivity to the interface and depth resolution in the
nanometer range makes GINF a unique method for the study
of planar solid/liquid interfaces in a nondestructive way. These
advantages are only achieved with neutrons, which, in contrast
to other types of radiation, can form an evanescent wave in the
liquid phase with a decay length of several nanometers. The
technique can be applied in situ during classical neutron
reflectivity experiments, allowing for the simultaneous deter-
mination of global density profiles and specific atomic or
molecular distributions. GINF has therefore a great potential in
colloidal chemistry, biology, and material science.
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