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5 ABSTRACT: Melatonin, a hormone primarily produced by the
6 brain’s pineal gland, not only regulates circadian rhythms, but also
7 influences the structural and biophysical properties of neuronal
8 membranes. Its amphiphilic nature enables direct incorporation
9 into lipid bilayers and preferential interactions with cholesterol-rich

10 lipid rafts, critical hubs for cellular signaling and membrane
11 organization. Despite increasing recognition of its membrane
12 activity, the molecular basis of melatonin’s interactions with
13 coexisting liquid-ordered (Lo) and liquid-disordered (Ld) phases
14 remains unclear. Here, we combine small-angle neutron scattering
15 (SANS) and all-atom molecular dynamics simulations to examine
16 model neuronal membranes composed of DSPC, DOPC, POPC, and cholesterol. Our results show that melatonin preserves domain
17 morphology while adopting distinct orientations within the bilayer and at the membrane interface, allowing both lateral and
18 transmembrane bridging across lipid phases. These findings establish the molecular underpinnings of melatonin’s modulation of
19 membrane heterogeneity and provide strong support for its receptor-independent actions.
20 KEYWORDS: neuronal membranes, phase separation, cholesterol, melatonin, neutron scattering, atomistic simulations

1. INTRODUCTION
21 Melatonin, a neurohormone associated with circadian rhythm
22 regulation, has recently gained recognition for its broader
23 biological functions, including neuroprotection, antioxidant
24 activity, and modulation of membrane structure.1−3 While its
25 receptor-mediated signaling pathways are well established,4

26 melatonin’s capacity to interact directly with lipid mem-
27 branes�particularly those associated with the central nervous
28 system (CNS)�has emerged as an alternative mechanism by
29 which it may influence neuronal function.47 Indeed, melatonin
30 is not unique in this regard as its precursor, seratonin, is known
31 to alter the mechanical properties of membranes,5 with recent
32 work indicating that these mechanical properties influence
33 receptor activity, as well.6 Although increasing evidence
34 indicates that melatonin also alters membrane fluidity,
35 thickness, and lipid order, the molecular basis of these effects
36 remains poorly understood.
37 Neuronal membranes are complex structures, whose lipids
38 are crucial structural and signaling components�lipids make
39 up nearly 50% of the brain’s dry weight.7,8 These membranes
40 are organized into dynamic, nanoscopic domains�commonly
41 referred to as lipid rafts�that partition into coexisting liquid-
42 ordered (Lo) and liquid-disordered (Ld) phases.9,10 Enriched
43 in cholesterol, sphingolipids, and membrane proteins, these
44 microdomains serve as critical platforms for signal trans-

45duction, membrane trafficking, and spatial coordination of
46cellular processes.11 Cholesterol, which constitutes approx-
47imately 40% of the lipid content in plasma membranes and
48myelin sheaths,12 plays a central role in shaping domain
49architecture, lipid packing, and overall membrane physico-
50chemical properties.13 Disruption of cholesterol-rich domains
51has been implicated in the pathogenesis of neurodegenerative
52diseases such as Alzheimer’s and Parkinson’s.14,15 Thus,
53understanding how melatonin interacts with nanoscopic lipid
54domains may, for example, reveal new physical pathways for
55neuroprotection.16

56Melatonin’s amphiphilic structure allows it to interact both
57with lipid headgroups and hydrophobic acyl chains, where it
58perturbs local order, modulates bilayer thickness, and interacts
59with cholesterol.17,18 These interactions may influence phase
60behavior and domain organization within Lo/Ld-separated
61membranes.19 However, the mechanisms by which melatonin
62alters membrane structure at the nanoscale remain currently
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63 unresolved. Indeed, such interactions can be quite complex and
64 lipid-composition-dependent, as demonstrated for seratonin.20

65 Here, we study melatonin’s structural effects on phase-
66 separated neuronal membrane mimics composed of DSPC,
67 DOPC, POPC, and cholesterol. Using small-angle neutron
68 scattering (SANS) and all-atom molecular dynamics (MD)
69 simulations, we probe how melatonin modulates bilayer order,
70 domain morphology, and lipid packing in coexisting Lo and Ld
71 phases. Our results provide mechanistic insights into
72 melatonin’s role as a modulator of membrane heterogeneity
73 and offer a physical framework for understanding its influence
74 on neuronal membrane organization and membrane-associated
75 functions.

2. METHODS

2.1. Materials

76 Lipids including 1,2-distearoyl-d70-sn-glycero-3-phosphocholine
77 (DSPC-d70), 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC),
78 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1-palmitoyl-2-
79 oleoyl-sn-glycero-3-phosphocholine (POPC), 1-palmitoyl-2-oleoyl-
80 sn-glycero-3-phospho-(1′-rac-glycerol), and cholesterol were pur-
81 chased from Avanti Polar Lipids (Alabaster, AL) as powders and
82 used without further purification. Melatonin was purchased from
83 Sigma-Aldrich (St. Louis, MO) and was used as received. A melatonin
84 stock solution was prepared at a concentration of 10 mg/mL in
85 trifluoroethanol (TFE; Sigma-Aldrich, St. Louis, MO). Stock
86 solutions were stored at −80 °C until needed. Deionized water
87 (H2O) was obtained using a High-Q water purification system
88 (Wilmette, IL).

2.2. Large Unilamellar Vesicle Preparation

89 Lipid stock solutions of DSPC-d70, DSPC, DOPC, POPC, and
90 cholesterol in a molar ratio of 0.255:0.135:0.06:0.33:0.22, respec-
91 tively, were combined in glass vials and dissolved in chloroform. The
92 solution was gently mixed by hand to ensure uniformity. Melatonin,
93 dissolved in trifluoroethanol (TFE), was then added to the lipid
94 mixture at varying molar percentages (1−15%, in increments of two).
95 A control sample containing 0% melatonin was also prepared. The
96 mixture was further homogenized, and the organic solvent was
97 subsequently evaporated under a gentle stream of argon gas, followed
98 by overnight drying under vacuum to remove residual solvents.
99 The resulting dry lipid film was hydrated with 34.6% D2O at a

100 temperature above the main phase transition of the lipid mixture.
101 Hydration proceeded for at least 1 h with intermittent vortex mixing
102 every 15 min. The resulting multilamellar vesicle (MLV) suspension
103 underwent five freeze−thaw cycles between −80 °C and +50 °C to
104 reduce multilamellarity and vesicle size. The MLVs were then
105 extruded 31 times through a 50 nm pore diameter polycarbonate
106 membrane using a Mini-Extruder (Avanti Polar Lipids, Alabaster, AL)
107 preheated to 50 °C. The final lipid concentration was adjusted to 20
108 mg/mL.

2.3. Small Angle Neutron Scattering

109 The extended Q-range small-angle neutron diffractometer (EQ-
110 SANS) at the Spallation Neutron Source at the Oak Ridge National
111 Laboratory was used to characterize the lipid domain morphol-
112 ogy.21,22 Two sample-to-detector distances (2.5 and 4 m) were used
113 with two wavelength bands defined by the minimum wavelength of
114 λmin = 0.25 nm and λmin = 1 nm, respectively, to cover scattering wave
115 vectors q ranging from 0.06 nm−1 < q < 5 nm−1. The choppers were
116 operated at 60 Hz. The vesicle solutions were loaded in the quartz cell
117 of 2 mm path length and measured at 20 °C. The measured data were
118 corrected by detector sensitivity and background scattering from the
119 empty cell and then converted into absolute scale intensities using a
120 porous silica standard sample.23,24

2.4. All-Atom Molecular Dynamics Details
121The different systems consisted of 234 (DSPC), 198 (POPC), 36
122(DOPC), and 132 (cholesterol) and melatonin (1−15 mol %)
123molecules. Approximately 23,000 water molecules were added to
124achieve full hydration. The system was assembled at Charm-Gui
125online service (https://charmm-gui.org).25,26 The GROMACS
126software package and the CHARMM36m force field were used to
127perform MD simulations.27,28

128The TIP3P model was used to simulate water molecules. Bond
129constraints were enforced using the LINCS algorithm. Lennard-Jones
130interactions were handled via a switching function beginning at 1.0
131nm, with a cutoff distance of 1.2 nm. Long-range electrostatic
132interactions were computed using the particle mesh ewald (PME)
133method, with a real-space cutoff of 1.2 nm, fourth-order B-spline
134interpolation, and a grid spacing chosen to achieve an accuracy of
13510−5. Periodic boundary conditions were applied in all three spatial
136dimensions, and the simulations were conducted with a time step of 2
137fs.
138Energy minimization was first performed on the system without
139water and repeated after solvation. This was followed by an NVT
140equilibration for 0.25 ns at 293.15 K using a stochastic dynamics
141integrator. Subsequently, an NPT equilibration of 0.5 ns was
142performed at 293.15 K and 1 bar, employing the Berendsen
143thermostat and barostat. For the final 10 ns production run in the
144NPT ensemble, the system was equilibrated at 293.15 K and 1 bar
145using the Nose-Hoover thermostat (relaxation time 1 ps) and the
146Parrinello−Rahman barostat (relaxation time 5 ps). Temperature
147coupling was applied independently to the water and membrane
148components.

3. RESULTS

3.1. Free Energy Model for Imaging Membrane
149Heterogeneities
150To better understand the different lipid phases and to develop
151a framework for analyzing the small angle neutron scattering
152results, we first introduce a phenomenological, free-energy-
153based theory. Here, ϕ ≡ ϕ(x, t) is the local fraction of one of
154the lipid phases (e.g., Lo or Ld) at some location, x, on the
155vesicle surface. Then, the free energy [ ] associated
156with the phase separated domains can be expanded in powers
157of ϕ and its gradient, ∇ϕ. To lowest order in the gradient,
158there is a line tension term proportional to |∇ϕ|2 that penalizes
159spatial variations of ϕ. There must also be a thermodynamic
160potential V[ϕ] that favors a phase separated state, meaning
161that it must have two coexisting minima at constant values ϕ =
162ϕo, ϕd, representing the Lo and Ld phase, respectively. We must
163thus expand the potential V[ϕ] to at least quartic order in ϕ to
164accommodate the phase-separated state. Thus, a general form
165for such a free energy is given by

rxd
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ÅÅÅÅÅÅÅÅ

É
Ö
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166(1)

167where we integrate over the vesicle surface. In the above
168equation, r controls the distance to the phase transition as it
169controls the stability of the mixed phase at ϕ = 0: A large
170negative r corresponds to an unstable ϕ = 0 mixed phase,
171bringing us deep into the phase-separating regime where ϕ =
172ϕo, ϕd are favored. The coupling μ3 sets the composition
173asymmetry between the two lipid phases and μ4 sets the overall
174scale of the potential minima, which are given by

175r( 4 )/2o,d 3 3
2

4 4= ± . As we increase r from
176negative to positive values, we cross the phase transition at
177the critical value r = rc≡2μ3

2/9μ4, with r < rc corresponding to a
178phase-separated, ordered phase and r > rc to a “mixed” phase
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179 with ϕ = 0, on average. In the absence of fluctuations, we have
180 a second order transition for μ3 = 0, with the minima at ϕo,d
181 evolving continuously away from ϕ = 0 for r > 0. On the other
182 hand, when |μ3| > 0, we have a first-order transition with
183 metastable minima appearing whenever rc < r<μ3

2/4μ4.
184 The line tension term is proportional to the modulus κ
185 which sets the energy of a domain wall�a variation of ϕ from
186 ϕo to ϕd. Note that this term may be modified if the membrane
187 composition couples strongly to local membrane curvature,29

188 resulting in a different gradient term, which is reminiscent of a
189 “microemulsion” or a “modulated phase”.30−33 In this case, the
190 gradient term is no longer minimized by a constant value ϕ,
191 but rather by a spatially varying term ϕ(x) with some
192 characteristic wavenumber, q0. One then replaces κ|∇ϕ|2 with
193 κϕ(∇2 + q0

2)ϕ in eq 1. In the ordered phase, such a term will
194 generate stripes or hexagonal arrangements of domains. These
195 patterns are readily observed in large, micron-sized vesicles34

196 and are also implicated in the surface patterning of pollen
197 grains.35 For nanoscopic vesicles considered here, the expected
198 pattern size is comparable to the vesicle size and we find that
199 our data is consistent with either q0 = 0 or some small value of
200 q0. As a result, we opted for a simpler model where we set q0 =
201 0. Nevertheless, we can expect a nonzero q0 to be relevant in
202 the description of phase-separating lipid vesicles, especially in
203 the case of larger vesicles.
204 We can schematically illustrate the various phases described
205 by eq 1 and also demonstrate the effect of noise (i.e., thermal
206 fluctuations) by introducing dynamics to the system. We can
207 also assume that the global fraction of the lipid phases remains
208 fixed (as this is set by the relative abundance of the different
209 lipid types) so that ∫ dxϕ(x, t) remains constant as a function
210 of time. In this case, the simplest “conserved” (model B36)
211 dynamics are given by

t tx x( , ) ( , )t
2= +

212 (2)

213 where η(x, t) is a spatiotemporal noise term which satisfies,
214 due to the fluctuation−dissipation theorem, ⟨η(x, t)η(x′, t′)⟩ =
215 2kTν∇2δ(x−x′)δ(t−t′). Here, ν is a relaxation rate tending
216 toward equilibrium, k is the Boltzmann constant, and T is the

217temperature. For large vesicles, such as giant unilamellar
218vesicles (GUVs)�most often used to construct phase
219diagrams and many microns in diameter37�the ordered
220phases may be readily identified using fluorescence micros-
221copy. However, here, we consider nanoscopic vesicles for
222which large curvatures and small size may strongly modify their
223phase behavior. We also note that hydrodynamics may play an
224important role, especially in the motion and shape fluctuations
225of individual lipid domains.38,39 We neglect these effects, as we
226aim to qualitatively illustrate the equilibrium distribution of
227lipid phases on the vesicle surface.
228For the purposes of the qualitative results via numerical
229integration of eq 2, we set ν = 1 and kT = 0.2, and choose a
230Gaussian random initial condition for ϕ(x, t = 0) with an
231average of 0 and a variance of 0.2. The other parameters are
232 f1given in the Figure 1 caption. The evolution equation in eq 2
233was integrated using the finite volume solver FiPy.40 In this
234case, the total global fraction of the ordered phase is given by
235f 0 ≡ ϕo/(ϕo−ϕd), which can be tuned by varying μ3, with f 0 =
2361/2 for μ3 = 0.
237The different possibilities for the ordered phases (r(μ3

2/4μ4)
238are shown in Figure 1a for asymmetric (μ3 ≠ 0) and symmetric
239(μ3 = 0) Lo and Ld phases. Note that it is possible to either
240have circular domains (μ3 ≠ 0) or labyrinthine structures (μ3 ≈
2410), which will coarsen until complete phase separation is
242achieved when q0 = 0. Conversely, for modulated phases with
243q0 > 0, we find stable ordered structures with characteristic
244sizes [bottom two panels in Figure 1a], which do not coarsen.
245Such phases also exhibit characteristic peaks in their structure
246factors. Note, however, that although the coarsening should
247continue until complete phase separation has taken place for
248the q0 = 0 case, these dynamics may take place over a
249prohibitively long time, with phase separation not fully
250completed by the end of an experiment. This complicates
251the task of distinguishing between the q0 = 0 and q0 > 0 phases,
252especially for values of q0 where 1/q0 is similar to the vesicle
253size.
254Vesicles with mixed lipid phases (r(μ3

2/4μ4) are shown in
255Figure 1b. While not technically phase separated, these phases
256have compositional fluctuations of length scale r/ ,

Figure 1. Numerical solutions of eq 2 showing lipid domains on a vesicle with radius, R = 15, where κ = 0.5, kT = 0.2, ν = 1, and μ4 = 1 were
obtained using the FiPy software package.40 The simulation time was t = 50, using a random Gaussian initial condition for the field ϕ(x, t) with
mean = 0 and a variance of 0.2. The ordered phases in (a) were evaluated at r = − 2 and the given values of q0 and μ3, while the disordered phases
in (b) were evaluated at r−rc ≈ 0.6. Note that the disordered phases still maintain some transient, domain-like structures, and it is sometimes
difficult to distinguish between the various phases from a scattering experiment.
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257 which may appear in scattering experiments. These fluctuations
258 become large near the phase transition and can result in the
259 formation of transient, local Lo and Ld phases. Thus,
260 identifying the phases of small vesicles is challenging as there
261 may not necessarily be a sharp indicator of a transition
262 between the mixed and phase separated states.

3.2. Lipid Phase Behavior as Revealed by Small-Angle
263 Neutron Scattering

264 For SANS studies we used a dilute suspension of ULVs which
265 were prepared by extruding a solution of multilamellar vesicles
266 (MLVs) through a polycarbonate filter populated with 50 nm
267 diameter pores�details are given in ref 41 In order to
268 highlight lipid domains, we used perdeuterated DSPC (DSPC-
269 d70). At 60 °C, the lipid mixture forms a single phase whose
270 neutron scattering length density can be matched to the buffer
271 solution in which the ULVs reside in, thus creating a null
272 scattering condition. While the contrast matching condition
273 effectively reduced the scattering for q ≳ 0.1 nm−1, we
274 observed significant scattering at the smallest q values,
275 consistent with previous studies (10, 42)�this is because
276 one cannot achieve a perfect null scattering condition.
277 Moreover, additional scattering was observed with increasing
278 amounts of melatonin (see41 for additional discussion). To
279 isolate the scattering from lipid domains at low temperatures,
280 we subtracted the T = 60 °C spectra from the low temperature
281 data for each melatonin concentration. The subtracted

f2 282 intensities, ΔI(q), are shown in Figure 2. An additional
283 advantage of subtracting the high temperature data, is that the
284 incoherent scattering contribution is also minimized, simplify-
285 ing the fits to the data.
286 The scattering intensities, ΔI(q), were modeled using a
287 spherical harmonic expansion for the form factor. In addition,
288 the polydispersity of the mixture was taken into account by
289 averaging over a Schultz distribution of vesicle radii, R, given
290 by

p R
z

R
R

z
R z

R
( )

1
( 1)

exp
(1 )z z1Ä

Ç
ÅÅÅÅÅÅÅÅ

É
Ö
ÑÑÑÑÑÑÑÑ

Ä

Ç
ÅÅÅÅÅÅÅÅÅ

É

Ö
ÑÑÑÑÑÑÑÑÑ

= +
+

++

291 (3)

292where R 25 nm= is the average vesicle radius (corresponding
293approximately to the filter pore size) and z = 10 is a parameter
294which sets the standard deviation R z/ 1 7.5 nmR = +
295of the distribution. z = 10 was determined by an initial fit to
296the data and then kept fixed. Under our dilute conditions, the
297scattering intensity is given by the Fourier transform of the
298squared form factor, averaged over the distribution, p(R) or as

I q
I

F q p R R( )
4

( ) ( )d dR q
0

0

2= | |
299(4)

300where the angular brackets, ⟨···⟩, denote a thermal average.
301The physics of lipid phase separation is captured by the form
302factor, FR(q), which is associated with the scattering from a
303single ULV of radius R�which we assume has a uniform
304thickness of t = 4 nm. Under neutron contrast matched
305conditions, the observed scattering is primarily associated with
306lipid heterogeneities on the vesicle surface, described by some
307scalar order parameter, ψ(θ, ϕ) (representing the local fraction
308of for example, the Lo phase, and, hence, proportional to the
309previously mentioned field ϕ), which may be expanded into

310spherical harmonic modes as Y( , ) ( , )m m m,= .
311These modes, then, contribute to the overall (spherically
312averaged) scattered intensity as follows

I q I

p R rr j qr R

( ) 4

( ) d ( ) d ,

m
m

R t

R t

0
,

2

0 /2

/2
2 2

= | | ×

[ ]
+

313(5)

314where q = q(cos θ, cos φ, cos θ, sin φ, cos θ) in spherical
315coordinates, Y ( , )m are the spherical harmonics, and jl(x) is

316the spherical Bessel function. The modes m depend on the
317lipid phase. For example, in the case of the “mixed” phase, r >
318rc in eq 1 will have mode magnitudes of the form

R /m
2

2 2 2| | =
+ 319(6)

Figure 2. (a) Background-subtracted SANS intensities, ΔI(q), from R 25 nm= ULVs at T = 20 °C, demonstrating enhanced phase separation in
the presence of melatonin. The black dashed lines are fits to the scattering model described in the main text, where the scattering amplitude α and
the correlation length ξ are the only fitting parameters (see eq 6). The fixed parameters are the vesicle radius distribution (z = 10) and the
membrane thickness (t = 4 nm). In order to take into account the scattered background from melatonin and the imperfect contrast matching, the
background data from homogeneously mixed ULVs at T = 60 °C are subtracted from the domain data.41 At 20 °C, increasing concentrations of
melatonin result in larger domains�SANS peaks shift toward smaller q-values. (b) The correlation length, ξ, is determined from fits to the SANS
data in part (a). Note that ξ grows dramatically with increasing melatonin concentration, indicating larger, more coherent regions of Lo and Ld
phases. Some examples of possible configurations from the “ensemble” of vesicles which are consistent with the scattering results are given in the
insets to the figure for corresponding melatonin concentrations.
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320 where ξ is the correlation length and α is a constant amplitude.
321 In this simple model, ξ gives us some idea of domain size, but
322 does not give us a full picture of the domain morphology.
323 However, the model has the advantage of having just two
324 fitting parameters: the correlation length, ξ, and the amplitude,
325 α, which can be integrated into the overall amplitude I0 in eq 5.
326 All other terms in eq 5 can be determined independently and
327 are constant across all melatonin concentrations studied here.
328 The lipid bilayer thickness was taken to be t = 4 nm and the
329 average vesicle radius, R 25 nm= . These values along with the
330 polydispersity parameter z = 10 completely describe the
331 distribution, p(R), given in eq 3. Any other contributions, such
332 as incoherent scattering and scattering from imperfect contrast
333 matching is removed by background subtraction. The resultant
334 scattering profile ΔI(q) can thus be fit using just ξ and α. The
335 results are shown in Figure 2a.
336 Variation in domain morphology due to increasing
337 melatonin concentration can be captured by ξ. The amplitudes
338 α in eq 6 vary by about a factor of 2, while ξ varies by more
339 than an order of magnitude, as shown in Figure 2b. These
340 indicate a significant change in domain structure namely, at
341 low melatonin concentrations the structures predominantly
342 consist of spherical harmonic modes in the range l ≈ 5,
343 corresponding to multiple Lo and Ld domains populating
344 ULVs. Conversely, at the largest melatonin concentration (15
345 mol %), the contributions to scattering are due to harmonic
346 modes near l = 1. At this melatonin concentration (15 mol %),
347 we expect the vesicle to be completely phase separated. Some
348 example structures are shown in the insets to Figure 2b. Note
349 that the SANS scattering results inform us about the size of
350 domains, but cannot capture details at smaller length scales,
351 such as the precise shapes of the domain boundaries, which
352 could be as disordered as the domains (Figure 1b), or not
353 (Figure 1a). The general conclusion is that as melatonin
354 concentration increases, the overall size of the “coherent”
355 structures (local regions of Lo and Ld phases as captured by ξ)
356 also increases. These increases, as seen in Figure 2b, tend to be
357 largest for melatonin concentrations less than 5% and greater

358than 10%, with the intermediate concentrations between 5%
359and 10% showing a slightly more modest increase in ξ.

3.3. Molecular Insights from All-Atom Molecular Dynamics
360Simulations

361For the most part, melatonin adopts two orientations in
362aqueous solution, both of which are dictated by its amphiphilic
363nature and the polarity of its functional groups. The spatial
364arrangement of its indole ring, methoxy group (−OCH3), and
365acetamide moiety (−CONH2) governs the balance between
366hydrogen bonding and hydrophobic interactions with its
367surrounding water.42 In its energetically preferred conforma-
368tion, melatonin orients its polar acetamide group which
369contains both a hydrogen bond donor (−NH) and acceptor
370(C�O), thereby maximizing directional hydrogen bonding
371while shielding its hydrophobic indole core.42 This spatial
372configuration stabilizes melatonin’s solvation shell, enhances its
373aqueous solubility, and facilitates its migration across
374membrane environments. Consistent with MD simulations
375and prior structural modeling studies, this conformation
376promotes interaction with cytosolic water molecules and
377influences melatonin’s intracellular distribution and capacity
378to modulate cytoskeletal structures, such as microtubules.43 A
379secondary, less favorable orientation transiently exposes its
380methoxy group and part of its indole ring to the solvent.
381Although the methoxy oxygen can participate in weak
382hydrogen bonding, the increased solvent exposure of the
383aromatic ring renders this conformation less stable. Never-
384theless, thermal fluctuations permit the coexistence of both
385states, highlighting melatonin’s structural adaptability to
386diverse microenvironments.44

387To investigate this behavior in a biologically relevant
388context, we performed all-atom MD simulations on a fully
389 f3hydrated, phase-separated neuronal membrane model. Figure 3
390(left) shows a simulation snapshot of melatonin embedded in
391the lipid bilayer, surrounded by explicit water (red and white
392spheres). The right panel depicts the molecular structure of
393melatonin with annotated atoms and a unit vector n⃗

Figure 3. Left: atomistic representation of a fully hydrated lipid bilayer. Water molecules are shown in red and white, forming a solvation shell
above and below the membrane. Lipid molecules are rendered in gray with embedded melatonin molecules present, which are not explicitly
highlighted. The different axis (x, y, z) denote the simulation box coordinates, with the z-axis aligned normal to the membrane plane. Right:
Molecular structure of melatonin showing labeled atoms (carbon (gray), hydrogen (white), nitrogen (blue), and oxygen (red)). Functional groups
include the indole ring, the methoxy group (CH3O), and the acetamide moiety (CH3CONH). The black arrow indicates a unit vector n⃗ normal to
the indole ring plane which is used to define the molecular tilt angle θ relative to the membrane normal (z-axis).
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394 perpendicular to the indole plane which is used in subsequent
395 analyses.

f4 396 Figure 4 presents the angular distribution of melatonin
397 molecules relative to the membrane normal characterized by
398 the tilt angle, θ, between the z axis (normal to the bilayer
399 plane) and the unit vector, n⃗, normal to melatonin’s indole
400 ring. The histograms, shown for six different melatonin molar

401fractions (1%, 3%, 7%, 9%, 11%, and 15%), quantify the mole
402percentage of melatonin molecules in a given orientation. At
403low concentrations (1−3%), the distributions are sharply
404peaked near θ = 80°−90°, indicating a strong preference for
405the indole ring normal n⃗ to align roughly perpendicular to the
406bilayer plane normal, consistent with interfacial localization at
407the headgroup−water interface.45 As the melatonin content

Figure 4. Tilt angle distribution, θ, between the membrane normal (z axis, see Figure 3) and the unit vector, n⃗, normal to melatonin’s indole ring,
computed at various melatonin molar concentrations. The histograms illustrate the mole percentage of melatonin molecules adopting specific
orientation angles within the lipid bilayer for 1%, 3%, 7%, 9%, 11%, and 15% melatonin. A shift toward broader and more uniform angular
distributions is observed with increasing melatonin concentration, indicating enhanced orientational disorder and the emergence of diverse
alignment states within the bilayer interior.

Figure 5. Tilt angle distribution, θ, between the membrane normal (z axis, see Figure 3) and the C−O bond vector within melatonin’s carboxyl
functional group, calculated at different melatonin molar concentrations. Each histogram represents the mole percentage of melatonin molecules
exhibiting a given tilt angle for 1%, 3%, 7%, 9%, 11%, and 15% melatonin amounts. The data reveal a progressive broadening of the angular
distribution and increased tilt heterogeneity with higher melatonin content, suggesting more dynamic orientational states within the lipid bilayer
interface.
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408 increases, the distributions progressively broaden and shift,
409 with an increasing population of molecules adopting
410 intermediate orientations. This behavior suggests that higher
411 melatonin loading introduces greater orientational disorder
412 and promotes deeper membrane insertion or lateral packing
413 constraints, thereby reducing the rigidity of the preferred
414 interfacial alignment.

f5 415 In contrast, Figure 5 reports the tilt angle distributions of the
416 C− O bond within melatonin’s carboxyl functional group
417 relative to the same membrane normal. Across all concen-
418 trations, the distributions are broader than those observed for
419 the indole ring and their modal angles are systematically lower.
420 Notably, as melatonin concentration increases, the C−O bond
421 orientations shift continuously toward lower tilt angles (i.e.,
422 closer to alignment with the membrane normal). This is
423 particularly evident at 9−15% melatonin. These results
424 indicate that the carboxyl group�which is more hydrophilic
425 than the indole moiety�remains more conformationally
426 dynamic and may engage more directly with the aqueous
427 phase or the polar headgroups. The smoother and more
428 gradual evolution of these distributions across concentrations
429 highlights the structural flexibility of the C− O bond and its
430 sensitivity to local membrane hydration and packing.
431 A comparison between the two figures shows that various
432 regions of the melatonin molecule adopt different orientations
433 and adjust their positioning based on its concentration. While

434the indole ring maintains a strong interfacial orientation at low
435melatonin fractions, and only gradually loses its order at higher
436loading, the carboxyl group remains more dynamically
437responsive and less constrained throughout the concentration
438range. These results underscore the dual role of melatonin as
439both an interfacial and partially embedded molecule within the
440membrane, with its amphipathic nature allowing different
441segments to interact differentially between the lipid and
442aqueous environments. Collectively, this orientational behavior
443supports a model in which melatonin bridges the lipid
444headgroups with the bulk water, thus modulating membrane
445order and hydration in a concentration-dependent manner.
446Notably, the observed interleaflet bridging configurations may
447facilitate signal transduction across the bilayer, enabling
448communication from the extracellular to the cytoplasmic
449environment through a receptor-independent mechanism.46

450To quantify structural correlations between melatonin and
451membrane components, the pair distribution function (PDF),
452or radial distribution function, g(r), is employed. This function
453measures the probability density of finding a particle A at a
454distance r from a reference particle B�normalized by the
455expectation for an ideal gas at the same average number
456density.47,48 For a binary system with NA and NB particles and
457simulation volume, V, the cross-correlation PDF is given by

Figure 6. Pair distribution functions (PDFs), g(r), computed from all-atom MD simulations of a fully hydrated, phase-separated lipid bilayer system
containing different amounts of melatonin (Mel). Center-of-mass correlations are shown between melatonin and (a) cholesterol (Chol), (b)
distearoylphosphatidylcholine (DSPC), (c) palmitoyloleoylphosphatidylcholine (POPC), and (d) dioleoylphosphatidylcholine (DOPC). Each
curve corresponds to a different melatonin molar ratio: 1%, 3%, 7%, 9%, 11%, and 15%. These plots reveal the spatial organization and interaction
strength of melatonin with each lipid component as a function of radial distance, r, in nanometers. Notably, the first peak in g(r) reflects the
preferred separation distances and coordination environment between melatonin and the respective lipid species.
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459 where |rAi−rBj| is the distance between the ith particle of type A
460 and the jth particle of type B, and ⟨·⟩ is the ensemble average
461 over time or configurations. The 4πr2 in the prefactor in front
462 of the average accounts for the surface area of a spherical shell
463 at distance r, ensuring proper normalization. This approach
464 enables quantitative evaluation of radial proximity and
465 coordination tendencies between melatonin and specific lipid
466 species in the membrane, providing a structural framework to
467 interpret solute−lipid interaction strength and local organ-
468 ization.

f6 469 Figure 6 presents the pair distribution functions, g(r),
470 computed between the center of mass of melatonin and the
471 four membrane lipids: cholesterol (a), DSPC (b), POPC (c),
472 and DOPC (d), across a series of melatonin concentrations
473 (1% to 15% molar ratio). These curves quantify the spatial
474 probability of locating each lipid type at a given distance from
475 melatonin, offering insight into local coordination environ-
476 ments and preferential interactions.
477 At low melatonin concentrations (1−3%), PDFs display
478 sharp, well-defined peaks, particularly for melatonin�choles-
479 terol and melatonin−DSPC distributions (panels a and b,
480 respectively), suggesting strong spatial ordering and prefer-
481 ential interactions with saturated and sterol-rich domains. In
482 contrast, at elevated melatonin concentrations (7−15%), the

483peaks broaden and decrease in intensity, indicating a
484progressive loss of structural specificity and dilution of
485preferential lipid associations. In lipids with unsaturated fatty
486acids chains (POPC and DOPC, panels c and d), melatonin
487exhibits broader, less structured distributions across all
488concentrations, consistent with reduced packing constraints
489in Ld regions. Notably, the first coordination shell for
490melatonin�cholesterol interactions remains distinct up to
491moderate concentrations, underscoring cholesterol’s role as a
492dominant binding partner and potential mediator of melatonin
493partitioning into Lo domains. These findings support a model
494in which melatonin initially targets ordered lipid environments,
495but with increasing concentration, diffuses more broadly across
496both Lo and Ld phases, modulating bilayer organization and
497heterogeneity in a dose-dependent manner.
498To visualize the spatial partitioning behavior of melatonin
499across phase-separated lipid bilayers, we analyzed the lateral
500distributions of lipid headgroup centers of mass at multiple
501melatonin concentrations. This analysis also highlights the role
502of dipolar orientations in phospholipid membranes, which
503modulate surface undulations, coupled with polar water, and
504facilitate lateral and transmembrane heat transfer and energy
505transduction.49 These processes may be influenced by
506melatonin’s positioning and orientation within the bilayer.
507The snapshots reveal the progressive reorganization of
508membrane architecture as melatonin is incorporated into the
509 f7system, see Figure 7. At low concentrations, melatonin is
510sparsely distributed near domain interfaces. However, as its

Figure 7. Spatial distributions of the centers of mass of lipid headgroups in ternary phase-separated bilayers composed of saturated DSPC (yellow),
unsaturated POPC (red), diunsaturated DOPC (orange), cholesterol (green), and melatonin (blue), shown as a function of increasing melatonin
concentrations. Snapshots are derived from all-atom MD simulations and reveal robust liquid−liquid phase separation with the formation of
distinct microdomains. Cholesterol and melatonin preferentially accumulate near domain interfaces, contributing to local structural organization. At
higher melatonin levels, the emergence of short-range, honeycomb-like ordering is observed within melatonin-rich regions, suggesting nanoscale
structuring and interdomain bridging driven by melatonin.
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511 concentration increases, it aggregates into interconnected
512 patterns that span multiple lipid environments. This lateral
513 redistribution coincides with enhanced melatonin mixing at
514 domain boundaries and partial remodeling of Lo and Ld
515 domains. Although DSPC-rich regions retain their structural
516 integrity, POPC and DOPC regions exhibit more diffuse
517 boundaries. Cholesterol concentrates at interfacial boundaries
518 and colocalizes with melatonin in several instances, suggesting
519 cooperative interactions. Notably, melatonin-rich clusters
520 become more spatially ordered and interconnected at higher
521 concentrations, forming motifs consistent with nanoscale
522 patterning and domain bridging behavior. These observations
523 highlight melatonin’s capacity to modulate lateral hetero-
524 geneity within complex lipid mixtures and suggest its potential
525 role in stabilizing or remodeling lipid nanodomains relevant to
526 neuronal membrane dynamics.

4. DISCUSSION AND CONCLUSIONS
527 Our findings demonstrate that melatonin exerts a profound
528 influence on the structural organization of cholesterol-rich
529 neuronal membrane mimics. By combining SANS and all-atom
530 MD simulations, the data reveal a multiscale mechanism by
531 which melatonin stabilizes, modulates, and bridges lipid
532 microdomains in a concentration-dependent manner.
533 At the mesoscopic scale, SANS data provide compelling
534 evidence that melatonin promotes the formation and growth of
535 phase-separated domains in unilamellar vesicles. The emer-
536 gence of well-defined scattering features at low scattering
537 vectors and the increase in the correlation length, ξ, with
538 increasing amounts of melatonin, indicate that melatonin
539 drives the system toward enhanced nanodomain coherence.
540 This structural reorganization suggests that melatonin
541 facilitates line tension modulation and interfacial stabilization
542 between the Lo and Ld phases. Notably, we observe this
543 behavior at physiologically relevant concentrations (<15 mol
544 %), reinforcing the potential biological relevance of these
545 findings. Interestingly, seratonin, a melatonin precursor with an
546 opposite physiological effect has been shown to, on the
547 contrary, destabilize ordered domains in model membranes.50

548 Complementary MD simulations elucidate the molecular
549 underpinnings of this behavior. PDF analyses reveal that
550 melatonin preferentially localizes near cholesterol and
551 saturated lipid species (e.g., DSPC), particularly at lower
552 concentrations. These findings highlight the intrinsic affinity of
553 melatonin for Lo-like regions, where tight lipid packing and
554 cholesterol content are greatest. However, with increasing
555 concentration, melatonin distributes itself across both Lo and
556 Ld phases, reflecting a shift from selective interfacial local-
557 ization to broader bilayer interactions. This transition is
558 accompanied by increased orientational disorder of melato-
559 nin’s indole and carboxyl groups, suggesting the molecule
560 inserting itself deeper in the bilayer’s hydrophobic core,
561 possibly disrupting lipid acyl chain packing.
562 Spatial distribution maps further support this interpretation,
563 showing that melatonin accumulates near domain boundaries
564 at low concentration, but forms extended, honeycomb-like
565 networks as melatonin concentration increases. These lateral
566 aggregates are suggestive of short-range positional order and
567 interfacial bridging behavior, with melatonin acting as a
568 molecular scaffold stabilizing domain morphology. Such
569 domain bridging could have far-reaching consequences for
570 the spatial organization of membrane proteins and signal
571 transduction platforms in neuronal membranes.51

572From a biological standpoint, these findings expand our
573understanding of how small, amphiphilic molecules, like
574melatonin, may modulate membrane biophysics independently
575of receptor-mediated pathways. Neuronal membranes are not
576inert dielectric sheets but responsive,52 compositionally
577complex materials capable of memory-like behavior through
578structural plasticity.53,54 By stabilizing phase-separated do-
579mains and modulating lipid packing, melatonin may influence
580protein sorting, receptor clustering, and signal propagation
581within the synaptic environment. Moreover, the ability to
582reshape membrane architecture in a concentration-dependent
583fashion suggests that melatonin could serve as a dynamic
584regulator of membrane heterogeneity under physiological or
585pathological conditions.55

586Finally, this work lays the groundwork for exploring
587melatonin’s role in neuroprotection from a membrane-centric
588perspective. Altered lipid raft dynamics and cholesterol
589dysregulation are hallmarks of neurodegenerative diseases,
590including Alzheimer’s and Parkinson’s. Melatonin’s capacity to
591interact with cholesterol-rich domains, reorganize nanoscale
592order, and bridge functional membrane regions suggests a new
593biophysical pathway by which it may support neuronal
594resilience. This idea has also recently been explored with
595seratonin, a similar small molecule which can modify the lipid
596membrane organization and with demonstrated, nonspecific
597allosteric functionality on membrane receptors.6

598In conclusion, melatonin emerges as a biophysically active
599modulator of membrane heterogeneity, capable of tuning
600domain morphology, lipid organization, and interfacial
601connectivity. This membrane-centric mechanism complements
602its classical receptor-driven actions and opens new avenues for
603therapeutic strategies targeting the structural underpinnings of
604neuronal signaling and stability.
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