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Sodium caprate (C10) is an ionizable amphiphile whose self-assembly behavior in aqueous
environments is strongly modulated by pH and concentration. Understanding the molecular-
level organization and dynamics of C10 under physiologically relevant solution conditions is
important for interpreting its functional behavior in complex media. In this study, we
investigated the pH- and concentration-dependent aggregation of C10 in the presence and
absence of fasted-state simulated intestinal fluid using coarse-grained molecular dynamics
(CG-MD) simulations and compared the results with small-angle X-ray scattering (SAXS) and
dynamic light scattering (DLS) measurements. Two CG-MD force fields, Martini 2 and Martini
3, were evaluated for their ability to reproduce experimentally observed aggregate structures.
Both models captured the expected pH-dependent transition from small micelles at high pH to
larger colloidal assemblies at lower pH, with overall good agreement between simulation and
experiment. However, clear differences were observed between the force fields: Martini 3
produced SAXS profiles with substantially lower y* values and exhibited a higher proportion
of free monomers and more rapid monomer—aggregate exchange, consistent with theoretical
expectations for ionizable fatty acids. By assessing both structural correspondence and
molecular-level distributions, this work identifies that Martini 3 coarse-grained model
effectively captures the pH- and concentration-dependent self-assembly of C10 and provides

insights into its underlying molecular mobility.
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1. Introduction DO 10.1039/D6CPO0414H
Oral administration remains a widely used route for delivering therapeutic compounds due to
its convenience, cost-effectiveness, and ease of manufacturing. However, many biologically
active molecules exhibit poor stability or low permeability in the gastrointestinal tract, where
they encounter enzymatic degradation, pH variations, mucus, and the intestinal epithelium, all
of which limit their uptake [1].

To address these challenges, various strategies have been explored to enhance intestinal
absorption. Among these, permeation enhancers (PEs) have received considerable attention
due to their ability to modulate epithelial barrier properties and improve transport across the
intestinal epithelium [2, 3]. Commonly used PEs include medium-chain fatty acids such as
sodium caprylate (C8) and sodium caprate (C10) [4], as well as bile salts, acylcarnitines, [5]
salcaprozate sodium (SNAC), [6] EDTA [7], and alkyl maltosides [6]. Although several PE-
based formulations have been investigated, only a few PE-based formulations are available in
the pharma market, for example, SNAC in oral semaglutide (Rybelsus) [3] and sodium
caprylate in oral octreotide (Mycapssa) [8]. Currently, C10 is included in the late-stage
formulation MK-0616 [9], whereas ORMD-0801[10] relies on other permeation enhancers
such as EDTA and bile salts. Notably, the performance of PEs depends strongly on their
behavior under physiological conditions; therefore, understanding their physicochemical

properties is essential for enabling effective permeation enhancement.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

As PEs move through the gastrointestinal environment, they can self-associate to form

a range of colloidal structures [11]. Understanding the principles governing this aggregation
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behavior is therefore essential. At low concentrations, for instance, monomeric C10 interacts

primarily with paracellular tight junctions proteins and enhance drug permeability [8]. At

(cc)

higher concentrations, C10 can insert into membranes or form larger aggregates whose
structure and dynamics influence interaction mechanisms [12, 13]. The size, shape, and
organization of these aggregates also affect molecular distribution, diffusion behavior, drug
solubilization, and the release profile in solution. Their formation and transformation depend
on several factors, including intestinal fluid composition, pH, and the intrinsic physicochemical
properties of the PE itself [14]. Because these combined effects are not yet fully understood,
predicting aggregation behavior across realistic physiological conditions remains challenging.

In this study, we focused on the aggregation behavior of the medium-chain fatty acid
sodium caprate (C10). Within this class of amphiphiles, longer chains such as C12 and C14
have low critical micelle concentrations (CMC), limiting the availability of free monomers

[15], while shorter chains such as C8 have high CMC values but interact less efficiently with
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interact with and increase membrane leakiness, is therefore of particular interest [ 12]. However,
its aggregation behavior is strongly influenced by pH, as the balance between ionized and
unionized species changes with both pH and concentration [16, 17]. In addition, although C10
has an intrinsic pKa of around 4.8, self-association causes the apparent pKa to shift to
approximately 7 under certain conditions [16, 18].

A number of different experimental methods have been used to explore the aggregation
behavior of C10 and to measure critical micelle concentrations (CMC). For example, Namani
and Walde report that C10 forms vesicles within a specific pH range (6.8 to 7.8), and the
amount of free decanoate at pH 7.0 is approximately 20 mM [17]. With cryo-TEM, Berg et al.
report vesicular structures ranging from 50 to several hundred nanometers in diameter for 100
mM C10 in blank fasted state simulated intestinal fluid (FaSSIF) [18]. With dynamic light
scattering, they observe micelles around 3 nm in diameter with 50 mM C10 at pH 8.5. From
this, they conclude that C10 forms micelles at pH 8.5 and vesicles and other larger structures
at pH 6.5 [18]. However, these experimental methods alone may not fully resolve the
molecular-level distribution of molecules between aggregated states and free monomers in
solution, as well as the dynamic exchange between these monomeric and aggregated states. A
deeper understanding of these inherent molecular-level dynamics is essential for interpreting
the in vivo performance of C10 and for designing formulations with appropriate C10
concentrations.

To complement experimental approaches, coarse-grained molecular dynamics (CG-
MD) simulations provide a useful framework for studying amphiphile self-assembly [19]. By
grouping atoms into larger beads, CG-MD simulations simplify the molecular representation,
lower computational complexity, and enable the investigation of larger systems over longer
time frames. [20, 21] Using the CG-MD Martini 2 forcefield, Hossain et al. [22] investigated
the aggregation behavior of various medium-chain fatty acids and calculated their CMC values.
They observed pH-dependent differences in aggregate morphology and size, which were
generally consistent with earlier experimental findings and with CMC estimates obtained using
the Wilhelmy method. However, the CMC values calculated from the Hossain et al. [22]
simulations were underpredicted compared to the experimental values by a factor of 1.8 to 3.5.
Therefore, while CG-MD can provide valuable molecular-level insights into the aggregation
behavior of C10 (and surfactants generally), [19] it is important to critically assess the accuracy
of the chosen model. Small-angle x-ray scattering (SAXS) is an experimental method that

yields information on the size, shape, and internal structure of aggregates in solution. By
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integrating CG-MD simulations with SAXS data, researchers can get a complete pictygeof thes a1
aggregation behavior, including the size and structure of the aggregates. [23]

In this work, we combine CG-MD simulations with SAXS and DLS measurements to
examine how sodium caprate (C10) aggregates across different pH and concentration
conditions, both in the presence and absence of intestinal fluid components. Simulations were
performed using the Martini 2 and Martini 3 coarse-grained force fields, and theoretical
scattering profiles were generated using PEPSI-SAXS [24] for comparison with experimental
SAXS data. In addition to evaluating aggregate structure, we also examined the relative
abundance of free monomers in the systems. This molecular-level feature was qualitatively
benchmarked against theoretical expectations based on the known solubility and ionization
behavior of C10. By considering both structural agreement and molecular-level distributions
in comparison with experiment, this study aims to identify the coarse-grained model that most
reliably captures the pH- and concentration-dependent self-assembly of the amphiphilic

molecule C10 and provides insight into its underlying molecular mobility.

2. Methods
2.1 CG-MD simulations
CG-MD simulations were conducted with the Martini force field (v2 [25] and 3 [26]), using

the Gromacs software. Simulations were made for eight distinct systems (Table 1): two

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

concentrations of C10 (50 and 300 mM) and two pHs values (6.5 and 8.5; these were emulated

by simulating different fractions of the C10 protonation states). The Martini 2 molecular
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topologies were taken from Hossain et al. (2019) for C10 and from Clulow et al. (2017) for

Na-taurocholate; the Martini 3 topologies for the same molecules from Hossain et al. 2022 [27,

(cc)

28]. For each system, a 30-nm cubic box was created and filled with standard Martini water
beads, after which phosphate ions were added to mimic 100 mM phosphate buffer. Then, the
desired numbers of C10, Na-taurocholate, and DOPC lipid molecules were added to represent
the specific concentrations and compositions presented in Table 1. An equivalent quantity of
positively charged sodium ions was also added while using C10 and Na-taurocholate in a
charged state to neutralize the system.

Each system then first underwent 10,000 steps of energy minimization using the
steepest descent algorithm, followed by equilibration for 500 ps under NVT (constant
temperature, constant volume) and NPT (constant temperature, constant pressure) conditions.
The v-rescale thermostat was used to control the temperature, [29] and an isotropic Berendsen

pressure coupling kept the pressure at 1 bar (with a time constant of 12.0 ps and compressibility
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of 3x107* bar™!). Following that, production runs for each system were carried Qut, for 45485 021

each, using a 10 fs time step. [30]

Table 1: Overview of systems simulated with Martini 2 and Martini 3 force fields, including

C10 concentration, pH, and medium composition.

System C10 Corresponding Medium Time Number of
concentration pH (ns) molecules*
1 50 mM 6.5 100 mM 4 W —203759, C10 —
phosphate 812, P - 1630, Na -
buffer 3666
2 50 mM 6.5 100 mM 4 W —203551,C10 —
phosphate 812, Taur — 48,
buffer and DOPC -12,P —
FaSSIF 1630, Na - 3714
3 50 mM 8.5 100 mM 4 W —-203569, C10 —
phosphate 812, P—-1630, Na -
buffer 4072
4 50 mM 8.5 100 mM 4 W —203565, C10 -
phosphate 812, Taur — 48,
buffer and DOPC -12,P -
FaSSIF 1630, Na - 4120
5 300 mM 6.5 100 mM 4 W —203540, C10 —
phosphate 4880, P — 1642, Na -
buffer 5700
6 300 mM 6.5 100 mM 4 W —203551,C10 -
phosphate 4880, Taur — 48,
buffer and DOPC-12,P -
FaSSIF 1642, Na - 5748
7 300 mM 8.5 100 mM 4 W —203759, C10 -
phosphate 4880, P - 1630, Na -
buffer 5700
8 300 mM 8.5 100 mM 4 W —-203561, C10 —
phosphate 4880, Taur — 48,
buffer and DOPC-12,P -
FaSSIF 1630, Na - 5748

* To reflect the protonation behavior at different pH levels, C10 molecules were modeled as a
50:50 ratio of charged to uncharged species at pH 6.5. In contrast, at pH 8.5 all C10 molecules
were fully charged.

Abbreviations: FaSSIF-fasted state simulated intestinal fluid, W — water, C10 — Caprate, Na —
Sodium ion, P — Phosphate ion.

2.2 Dynamic light scattering

Dynamic light scattering was performed on an ALV/CGS-3/MD-4 Multi-Detection
Goniometer System, with ALV/LSE-5004 Light Scattering Electronics Correlator (Germany).
Measurements were performed for the sample containing 300 mM sodium caprate (C10) in 0.1

M phosphate buffer at pH 6.5 and 8.5 at 25°C.
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2.3 Small-angle X-ray scattering O 101039 becPo0AAL]
Small-angle X-ray scattering (SAXS) experiments were carried out on a Xeuss 2.0 Xenocs X-
ray system with a GeniX 3D microfocus X-ray source and a Pilatus3 R 300K detector without
a beam stop at Uppsala University, Sweden. We obtained scattering data for a sample
containing 300 mM sodium caprate (C10) in 0.1 M phosphate buffer at pH 6.5 and 8.5. The
SAXS measurements were conducted at 25°C using a 1 mm vacuum capillary, with a sample-
to-detector distance of 1015 mm. The background of the samples was subtracted using
SASVIEW 5.0.6, and the absolute intensity in cm™!' was obtained by dividing that value by the
sample thickness.
2.4 Simulation analysis
Simulated trajectories were analyzed with an in-house Python script to determine the number
of aggregates and free permeation enhancer monomers. Two separate analyses were conducted,
defining the minimum size of an aggregate as containing either five or ten molecules. In both
cases, molecules were classified as part of an aggregate if any of their constituent beads were
within a cutoff distance (0.5 nm) from another already formed aggregate. Another Python script
was used to calculate the number of molecules in each cluster.

To characterize the shape of the aggregates, we calculated the radius of gyration using
the “gmx gyrate” tool from the GROMACS software package, analyzing each aggregate

individually that satisfied the aggregation criterion (n > 5 or 10). Based on these results, we

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

then computed the eccentricity values, with lower values indicating more sphere-like aggregate

shapes.

The eccentricity values were calculated as E = 1 — i”ﬂ
avg
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where I and I, are the minimum and average of the radius of gyration on the x, y, and z
axes, respectively.

2.5 Scattering spectra analysis

The simulation trajectories were first back-mapped to all-atom resolution using a modified
version of Martini's back-mapping method. [31] Pepsi-SAXS was then used to calculate the
scattering intensity curves, I(q), from the simulations, where the momentum transfer q = 4n
sin(0)/A is provided via the wavelength A and scattering angle 26. [24] A structure file and an
experimental scattering profile were provided to facilitate the scattering intensity calculation.
A constant factor was subtracted during the calculation to account for systematic errors (i. e.
the standard deviation for the intensity) in the experimental data. Pepsi-SAXS also calculated

the goodness of fit Xr? :
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‘r‘ —_—
a(q)

where N is the number of points in the experimental curve, lexp(q) is the experimental

scattering data, I;5.0(q) 1s the theoretical intensity, and a(q) are the experimental errors.

3. Results and discussion

3.1 C10 aggregate morphology and free-monomer fraction in Martini 2 and Martini 3:

Influence of pH, concentration, and FaSSIF

In this work, we primarily investigated how the choice of coarse-grained Martini force field
influences the aggregation behavior of C10 under different physiological conditions (pH,
concentration, and the presence or absence of FaSSIF), while keeping in mind that C10
aggregation is inherently sensitive to these environmental factors. Although pH and
concentration strongly affect C10 self-assembly, our results show that the specific version of
the Martini force field used in the simulations plays a decisive role in shaping both the extent

and morphology of the resulting aggregates.

We simulated C10 systems at two pH conditions, represented by charged:uncharged
ratios of 50:50 at pH 6.5 and 100:0 at pH 8.5, and at two concentrations (50 mM and 300 mM),
with and without FaSSIF, as described in Table 1. Since classical molecular dynamics
simulations do not explicitly model protonation—deprotonation equilibria, pH effects were
approximated by assigning fixed fractions of C10 in its anionic and neutral (protonated) forms.
The snapshots from the 4 ps simulations using Martini 3 and Martini 2 are presented in Figures
1 and 2.

At low pH (50:50 ratio), both force fields produced more extensive aggregates. For the
300 mM systems, Martini 3 generated irregular or fiber-like structures (Figure 1A, 1C),
whereas Martini 2 produced more ordered and compact assemblies, such as vesicles or
multilayered structures (Figure 2A). At the lower 50 mM concentration, Martini 3 typically
formed one or two micelles in the low-pH system (Figure 1E, 1G), with most C10 molecules
incorporated into these assemblies. Martini 2, however, produced a large, well-defined vesicle

at low pH (Figure 2E, 2G).

At high pH (100:0 ratio), both force fields showed a shift toward smaller aggregates and a
higher proportion of free monomers, consistent with the expected increase in CMC at higher

ionization levels. Martini 3 produced small micelles or loosely packed aggregates (Figure 1B,
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1D), while Martini 2 tended toward more rigid, compact structures, including double bild§&rss o
(Figure 2B). At 50 mM, most C10 molecules in Martini 3 remained as free monomers in
solution, with only a few small micelles forming. In contrast, in Martini 2, most C10 molecules
were incorporated into aggregates even at this lower concentration, leaving very few monomers
in solution, and demonstrating Martini 2’s tendency to over-stabilize molecular association.
Overall, Figure 1 and 2 shows that both force fields reproduced the expected gross pH-
dependent aggregation behavior such as larger aggregates at low pH and smaller micellar

structures at high pH, but the structural outcomes differed between them.

The effect of FaSSIF was concentration-dependent for both force fields. At 50 mM,
FaSSIF reduced the number of free monomers, promoting additional micellization or
incorporation into mixed structures. At 300 mM, however, FaSSIF had minimal impact for
either force field, likely because C10 self-association dominated over interactions with bile

components due to the high surfactant concentration.
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Figure 1: Simulation snapshots of C10 in phosphate buffer, with and without FaSSIF, using
the Martini 3 force field. (A) and (B) depict 300 mM C10 at charged and uncharged ratios of
50:50 and 100:0, respectively, while (C) and (D) show the same system with the addition of
FaSSIF. Similarly, (E) and (F) represent 50 mM CI10 at 50:50 and 100:0 charged and
uncharged ratios, respectively, and (G) and (H) include FaSSIF under these conditions. Red
beads indicate charged head groups, blue beads represent uncharged head groups, cyan beads
correspond to fatty acid chains, yellow beads denote DOPC molecules, and purple beads
signify Na-taurocholate molecules.
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Figure 2: Simulation snapshots of C10 in phosphate buffer, with and without FaSSIF, modeled
with the Martini 2 force field. (A) and (B) depict 300 mM C10 at charged and uncharged ratios
of 50:50 and 100:0, respectively, while (C) and (D) show the same system with the addition of
FaSSIF. Similarly, (E) and (F) represent 50 mM CI10 at 50:50 and 100:0 charged and
uncharged ratios, respectively, and (G) and (H) include FaSSIF under these conditions. Red
beads indicate charged head groups, blue beads represent uncharged head groups, cyan beads
correspond to fatty acid chains, yellow beads denote DOPC molecules, purple beads signify
Na-taurocholate, and orange beads represent water molecules.

To further quantify these observations, Figure 3 presents the average percentage of free
C10 monomers calculated over the final 2 us of each simulation for Martini 2 (Figure 3A) and
Martini 3 (Figure 3B). Martini 3 consistently exhibited a substantially higher proportion of free
monomers across all conditions, whereas Martini 2 produced only minimal amounts. These
simulation values can be qualitatively benchmarked against theoretical expectations derived
from experimental solubility data. Using the caprate solubilities reported by Dahlgren et al.
[32] (5 mg/mL at pH 7.4 and 2 mg/mL at pH 6.5), our 50 mM and 300 mM systems are expected
to contain ~20% and ~4% at low pH, and at least ~50% and ~9% free monomers at high pH,
respectively. Since our simulations were performed at pH 8.5, the fraction of free monomers
should be even higher than the estimates based on pH 7.4. Martini 3 closely follows these
magnitudes: at low pH it predicts approximately 22% and 4% free monomers for the 50 mM
and 300 mM systems, respectively, and at high pH it yields about 70% and 11%. In contrast,
Martini 2 substantially underestimates the free fraction across both concentrations. At low pH,
it predicts only ~5% and ~1% free monomers for the 50 mM and 300 mM systems,
respectively, and at high pH it yields just ~12% and ~1.5%. These values are far below the

solubility-based expectations and show minimal sensitivity to changes in pH.
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Figure 3: Average percentage of free monomers in different systems for (A) Martini 2, and (B)
Martini 3. The standard deviation around the mean of the percentage values is indicated.

Overall, although pH, concentration, and the presence of FaSSIF strongly influence
C10 aggregation, our results demonstrate that the choice of a particular Martini force field itself
is a decisive factor in determining aggregate size, morphology, and the balance between
monomeric and aggregated states. In comparison with Martini 3, Martini 2 was consistently
more prone to aggregation, producing larger and more structured assemblies and leaving
markedly fewer free monomers in solution. This behavior was evident both in the simulation
snapshots and in the quantitative analysis of monomer populations. These trends align with
previous reports indicating that Martini 2 tends to over-aggregate [33] and underestimates the
critical micelle concentration (CMC) of medium-chain fatty acids by a factor of 1.8-3.5 relative
to experiment [22], reflecting an inherent tendency of Martini 2 beads to interact too strongly.

[34-36] Such overly attractive interactions often lead to artificial clustering, exacerbated by

11
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through a reparametrized interaction framework, including new bead sizes, chemically diverse
bead types, and refined Lennard-Jones parameters [38]. Together, these improvements reduce
excessive aggregation and yield a more realistic representation of C10 self-assembly across

different physiological conditions.

3.2 Size and number of C10 aggregates in Martini 2 and Martini 3: effects of pH,

concentration, and FaSSIF

We then examined how the number and size of C10 clusters evolved over the course of the
simulations by monitoring the number of molecules within each cluster (Figures 4 and
Supplementary Figure 1). To test the sensitivity of the analysis, two cluster definitions were
used: one requiring a minimum of five molecules per cluster, and another requiring at least ten.

For the systems containing 300 mM C10, Figures 4A and 4B show the number of
clusters over time for the five-molecule and ten-molecule cluster definitions, respectively. In
both Martini 2 and Martini 3, the systems reached a relatively steady state after ~500 ns.
However, large differences emerged between systems depending on the charged:uncharged
ratio. At low pH (50:50), only one to twelve clusters were present across the simulations, and
this number remained stable throughout. In contrast, when all C10 molecules were fully
charged (100:0), the number of clusters increased dramatically—reaching approximately 100—
250. Notably, Martini 3 consistently produced nearly twice as many clusters as Martini 2 under
these conditions (Figures 4A—B, Supplementary Figures 1C-D).

The 50 mM C10 systems (Figures 4C-D) also showed clear differences between low
and high pH. For the 50:50 ratio, steady-state behavior was reached between 1500-2500 ns,
depending on the system, with only one to three clusters present at the end of the 4 ps
simulations. In contrast, systems containing only charged C10 exhibited strongly fluctuating
cluster numbers over time, indicating dynamic formation and dissociation of aggregates. For
both force fields, cluster counts stabilized within 100200 ns regardless of whether the
minimum cluster size was defined as five or ten molecules. Initial differences in cluster
numbers were observed only in the 300 mM systems. Importantly, FaSSIF did not influence

the number of clusters in this time-evolution analysis.
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(B) represent the 300 mM system with clusters of five (n=5) and ten (n=10) molecules,

respectively, at charged-to-uncharged ratios of 100:0 and 50:50, analyzed with and without
FaSSIF. (C) and (D) correspond to the 50 mM system.
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To further characterize the aggregate structures, we examined the number of C10
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molecules in each cluster using the final snapshots of the trajectories (Supplementary Figure

1). For 300 mM C10 at low pH (50:50), Supplementary Figures 1A and 1B show that Martini

(cc)

2 formed a single dominant cluster containing approx. 99% of all molecules, with no
observable effect from FaSSIF. In contrast, Martini 3 formed multiple clusters, and the
presence of FaSSIF doubled the number of clusters while reducing the number of molecules in
the largest cluster by ~33%. For 300 mM C10 at high pH (100:0) (Supplementary Figures 1C—
D), both force fields produced many clusters. However, Martini 2 generated clusters with more
molecules per cluster, whereas Martini 3 produced about twice as many clusters, each
containing fewer molecules.

At 50 mM C10 and low pH (50:50), Supplementary Figures 1E-F show that the
clustering patterns followed trends similar to those at 300 mM: Martini 2 formed a single large
cluster, while Martini 3 formed multiple smaller clusters. In the presence of FaSSIF, Martini 3

formed three clusters, each containing fewer molecules compared to the corresponding systems

13


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6cp00414h

Physical Chemistry Chemical Physics Page 14 of 25

without FaSSIF. Finally, for 50 mM C10 at high pH (100:0) (Supplementary Figyses,1GsED s conar
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Martini 2 and Martini 3 produced a similar number of clusters; however, Martini 2 consistently
produced clusters containing more molecules per aggregate, while Martini 3 formed smaller
clusters overall.

In summary, Figures 4 and Supplementary Figure 1 demonstrate that the number of
clusters increases markedly at high pH, while the size of clusters (number of molecules per
cluster) is substantially larger at low pH. Across conditions, Martini 2 forms aggregates
containing nearly twice as many molecules as those formed in Martini 3, consistent with the
stronger aggregation propensity discussed in Section 3.1. Importantly, an effect of FaSSIF was
evident in both cluster count and cluster size—but primarily in the Martini 3 systems, where
the presence of intestinal fluid components reduced cluster size and increased the number of

clusters.

3.3 Martini 2 and Martini 3 show distinct differences in spherical clustering behavior at

higher pH

To compare how the two force fields capture aggregate morphology at higher pH, we calculated
the eccentricity values for systems with a charged—uncharged ratio of 100:0, as shown in Figure
SA (Martini 2) and Figure 5B (Martini 3). Eccentricity provides a quantitative measure of
shape, where lower values indicate aggregates that more closely approximate perfect spheres.
The distribution in each panel illustrates how frequently aggregates fall within different
eccentricity ranges, enabling direct comparison of the two models.

Although both force fields produced predominantly low eccentricity values, indicating
a general tendency toward spherical aggregates at higher pH, the overall distributions differed
markedly. Martini 2 predicted a substantially higher proportion of nearly spherical clusters,
with roughly 35-40% of aggregates showing very low eccentricity values, whereas Martini 3
produced only about 22% spherical clusters within the same range. This difference indicates
that Martini 2 favors tighter, more compact micelle formation, while Martini 3 yields a wider
variety of shapes.

The concentration dependence of spherical clustering further differentiates the two
models. In the Martini 2 systems, the fraction of near-perfect spheres decreased as the C10
concentration increased, suggesting that higher concentrations promote more elongated or
irregular structures. In contrast, Martini 3 displayed the opposite trend, with an increase in

spherical aggregates at higher C10 concentration. These opposite concentration effects

14


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6cp00414h

Page 15 of 25 Physical Chemistry Chemical Physics

icle Online

underscore a fundamental difference in how the two force fields describe micelle packing,afids 1
structural rearrangement.

FaSSIF also influenced aggregation morphology in force-field-specific ways. In
Martini 2, the presence of FaSSIF increased the fraction of spherical clusters at both
concentrations, with the enhancement being most pronounced at high concentration. Martini 3,
however, showed an inverse response at high C10 concentration, where the addition of FaSSIF
reduced the proportion of spherical aggregates. Despite these variations, both Martini 2 and
Martini 3 generated a small population of highly non-spherical structures, with approximately

10% of aggregates exhibiting eccentricity values above 0.82, indicating elongated or irregular

Open Access Article. Published on 11 May 2026. Downloaded on 5/11/2026 10:52:26 PM.
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3.4 Molecular exchange dynamics reveal mechanistic differences between force fields’ /"5
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and their relevance to permeation enhancement

To quantify the molecular-level dynamics of C10 aggregates, we calculated the number of
exchange events in which C10 molecules transitioned between the aggregated state and the free
monomeric state. For each frame, molecules were classified as either part of an aggregate or as
isolated monomers in the aqueous phase. By tracking changes in these classifications between
successive snapshots, we identified expulsion (aggregate — monomer) and insertion
(monomer — aggregate) events. These transitions were quantified over the final 10 snapshots
of each simulation, and the mean and standard deviation were calculated for all systems. The
results are summarized in Figure 6.

A striking difference was observed between the two force fields. For every
corresponding condition, Martini 3 produced approximately five- to seven-fold more expulsion
and insertion events than Martini 2. This clearly demonstrates that Martini 3 captures a far
more dynamic aggregation environment, while Martini 2 predicts markedly slower molecular
exchange. The suppressed dynamics in Martini 2 align with its tendency to produce fewer free
monomers, and fewer number of aggregates observed in the previous sections. Also, higher
concentration systems (300 mM) showed elevated numbers of exchange events relative to their
50 mM counterparts, consistent with the greater availability of molecules capable of
participating in insertion and expulsion processes.

Across all conditions, the number of exchange events was substantially higher at pH
8.5 than at pH 6.5. This indicates that, in addition to forming smaller micellar structures, the
high-pH systems exhibit more pronounced dynamic behavior, with frequent exchange of C10
molecules between micelles and the surrounding solution. This pH-dependent increase in
exchange dynamics is also notable in a broader context. Dahlgren et al. [32] reported an 8-9-
fold increase in enalaprilat permeability in the presence of C10 at physiological pH, whereas
almost no enhancement was observed at pH 6.5. While the free monomer pool is suggested to
be the key contributor to this effect, our results suggest that micelle dynamics themselves—
that is, how rapidly molecules detach from and re-associate with aggregates—may also
influence how effectively C10 can interact with and perturb epithelial membranes. Taken
together, the higher exchange activity captured by Martini 3 provides a mechanistic picture that
is more consistent with experimentally observed pH-dependent permeation behavior, whereas

Martini 2 underestimates both the mobility and availability of C10 needed to drive such effects.
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Figure 6: Average number of expulsion and insertion events calculated from the final ten
snapshots of the simulated systems representing 50 ns of the simulation time for (4) 50 mM
C10 and (B) 300 mM C10 in phosphate buffer.

3.5 Martini 3 provides a better match to experimental SAXS profiles than Martini 2

To validate the aggregate sizes and morphologies predicted by our simulations, we first
performed dynamic light scattering (DLS) measurements on systems containing 300 mM C10

at pH 6.5 and pH 8.5 (Figure 7A). At pH 6.5, the DLS results showed a broad size distribution

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

with an average radius of approximately 700 nm and a polydispersity index (PDI) of 0.45,
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indicating the presence of large, heterogeneous aggregates, and consistent with the simulation

results at this pH. In contrast, the pH 8.5 sample displayed a dominant, narrow peak

(cc)

corresponding to an average radius of approximately 2 nm (with PDI 0.45), characteristic of
small spherical micelles. A secondary, weaker peak near 100 nm was also detected, likely
arising from transient clustering of smaller micelles rather than discrete, compact aggregates.
The DLS measurements align well with the observations of Berg et al., [ 18], who also reported
similar size behavior under comparable conditions.

To further characterize these systems, we collected small-angle X-ray scattering
(SAXS) profiles for the same conditions. The SAXS curves revealed clear pH-dependent
differences: at pH 6.5, the scattering intensity was substantially higher, consistent with the
coexistence of larger colloidal structures alongside smaller micelles. Aggregation, even pre-

micellar below CMC, [16] is known to raise the apparent pKa of fatty acids, so at this pH the
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molecules are partly charged and partly uncharged, a mixed state that promotes formatigf a5
these larger aggregates. In contrast, at pH 8.5, where the molecules are almost fully charged,
the SAXS profile exhibited a characteristic decay and oscillation pattern indicative of the
presence of small, well-defined spherical micelles. The increased repulsion among the highly
charged molecules at pH 8.5 likely reduces intermolecular interactions, thus favoring smaller,

more uniform micellar structures.
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Figure 7: Dynamic light scattering (DLS) intensity profiles and theoretical SAXS spectra for
the 300 mM C10 systems at different pH conditions. (A) DLS measurements showing the
particle size distribution for the 300 mM C10 system at pH 6.5 and 8.5 (B) Theoretical SAXS
spectra calculated using Pepsi-SAXS for Martini 3 and Martini 2 simulations, compared with
experimental SAXS data at pH 6.5 and 8.5. The reduced square (xr2) reports the goodness of
fit between theoretical and experimental scattering profiles.

To determine which coarse-grained model better captures these experimentally
observed scattering features, we calculated theoretical SAXS curves for both Martini 2 and
Martini 3 using Pepsi-SAXS (Figure 7B). [24] The comparison between simulated and

experimental profiles reveals a clear performance difference between the two force fields.
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Although neither model achieved a reduced chi-square (X72?)below 1, Martini 3 gonsisteitl¥scorar
produced substantially lower X2 values across both pH conditions, indicating a significantly
better overall fit. Note that, X2 close to or below 1 indicates that the theoretical model
adequately describes the experimental data, reflecting good agreement within the expected
uncertainties. At pH 6.5, Martini 3 yielded a Xr? of 2.93 (y*> = 1.71), whereas Martini 2
produced a considerably poorer fit with Xr2 = 4.87 (3> = 3.05). A similar trend was observed

at pH 8.5, where Martini 3 achieved Xr? = 4.49 (y> = 2.12), again outperforming Martini 2,
which showed X7? = 6.32 (3> = 2.52).

A visual inspection of the scattering curves further underscores these differences.
Martini 3 showed notably closer alignment with the experimental SAXS intensity decay,
especially within the g-range of approximately 0.04-0.16 A™', where Martini 2 exhibited
pronounced deviations. These results collectively demonstrate that Martini 3 represents C10
aggregate structure more accurately, likely due to its improved parametrization of amphiphile
packing and solvation interactions. Such enhanced agreement is crucial for simulations
intended to support SAXS interpretations or guide formulation design.

Future improvements to the theoretical scattering calculations could involve adaptive
sampling, ensemble modeling, or parameter refinement to further reduce discrepancies and

better account for aggregate heterogeneity.

4. Conclusion

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

In this study, we combined coarse-grained molecular dynamics (CG-MD) simulations with

SAXS and DLS experiments to investigate the pH- and concentration-dependent self-assembly

Open Access Article. Published on 11 May 2026. Downloaded on 5/11/2026 10:52:26 PM.

of sodium caprate (C10) in aqueous buffer and in the presence of fasted-state simulated

(cc)

intestinal fluid (FaSSIF). At pH 6.5, both simulations and experiments revealed the formation
of large, heterogeneous colloidal aggregates, reflecting strong intermolecular attractions when
C10 is partially protonated. At pH 8.5, where all C10 molecules are deprotonated, interactions
weakened and small spherical micelles predominated. These structural trends were consistently
captured by both simulation and experiment.

FaSSIF further modulated C10 aggregation, with effects that differed substantially
between the force fields. At low pH, FaSSIF altered both the number of molecules per cluster
and the overall cluster population, most prominently in Martini 3. At high pH, FaSSIF
increased the fraction of spherical micelles in Martini 2 but decreased it in Martini 3,
underscoring fundamental differences in how the two force fields represent amphiphile—solvent

interactions.
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Across all structural and dynamic analyses, including cluster-size distributigns, npiiBéss
of molecules per aggregate, percentage of free monomers, eccentricity profiles, and monomer—
aggregate exchange rates, Martini 2 and Martini 3 produced markedly different behaviors.
Martini 2 consistently formed more rigid, compact, slowly exchanging aggregates and
underpredicted the availability of free monomers compared to solubility-based theoretical
prediction, whereas Martini 3 generated highly dynamic assemblies with substantially higher
insertion and expulsion events. In addition, the theoretical SAXS profiles derived from Martini
3 showed significantly better agreement with experimental data, yielding lower ¥ values and
a more accurate representation of the characteristic intensity decay across the relevant g-range.
In contrast, Martini 2 deviated more noticeably from the experimental curves, particularly in
regions sensitive to micelle shape and internal density fluctuations.

Overall, these findings show that Martini 3 not only reproduces the experimental
structural features more accurately, but also captures a more realistic dynamic behavior of C10
aggregates. This is important because micelle-monomer exchange may directly influence how
released C10 molecules interact with surrounding biological components, such as lipid
membranes, rather than simply re-entering other aggregates. Accurately describing this
dynamic equilibrium is therefore essential for understanding C10 behavior under
physiologically relevant conditions and for the rational design of amphiphile-based drug
delivery systems. Overall, our findings highlight the value of combining CG-MD simulations
with scattering techniques to obtain robust molecular-level insight into amphiphile
aggregation. They also emphasize the need for careful force-field selection and experimental
validation when applying simulations to pharmaceutical formulation development and to the
broader physical chemistry of self-assembling systems.
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