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Introduction

Structural morphology of nanoclay films at the air—
water interface under varying ionic compositions of
the subphase medium

*d

Akash Mishra, €22 Rijul Roychowdhury,® Miho Tagawa® and Sunita Srivastava

LAPONITE®, a disc-shaped clay with uneven charge distribution, demonstrates gelation behavior that is
strongly influenced by the ionic strength and pH of the suspension. These factors affect the charge on
the edges and faces of the clay particles, thereby impacting electrostatic interactions and colloidal
stability. In this study we investigate the adsorption behavior of the nanoclay particles on the positively
charged lipid layer at the air—water interface under varying subphase ionic compositions. The I1-A
compression isotherms of the nanoclay layer adsorbed on the lipid monolayer, on various subphases
(water, saline, and basic), were obtained using the Langmuir method. Compression isotherms reveal that
the basic subphase (pH 10) enhances nanoclay adsorption through strong electrostatic interactions
between negatively charged LAPONITE® particles and the positively charged DMTAP monolayer. Films
from the saline subphase (1 mM NaCl; pH ~ 7) show moderate adsorption due to salt-induced charge
neutralization while the water subphase (pH ~ 7) exhibits minimal particle—surface interaction. The in-
plane surface morphology and out-of-plane structural characteristics of nanoclay films were
characterized ex situ by Atomic Force Microscopy (AFM) and X-Ray Reflectivity (XRR) respectively. AFM
analysis reveals increasing nanoclay density with concentration across all subphases, with distinct
morphological transitions influenced by subphase conditions. Films formed on pure water remain
relatively uniform, while saline and basic subphases yield increasingly heterogeneous structures at higher
nanoclay concentrations, with maximum heterogeneity observed in films from basic subphase. XRR
unravels increased thickness and roughness in basic solution-based films, validating lateral aggregation
observed in AFM micrographs. These findings highlight the role of subphase composition in modulating
interfacial properties and clustering behavior in lipid—nanoclay systems.

ionic concentrations further increase cluster size, and at high
concentrations, the LAPONITE® solution crystallizes.®®

Colloidal clays, when mixed with water, form a gelatinous,
liquid-like state and have emerged as a complex model system
with a rich phase diagram encompassing liquid, gel, and glass
phases.’”® Smectite clay minerals, in particular, exfoliate easily
into discrete layers when dispersed in water at low concentra-
tions; the clay nanosheets are negatively charged and ~1 nm
thick. LAPONITE®, a synthetic smectite clay, consists of nano-
sized zwitterionic platelets with an aspect ratio of 1:25 and
carries a positive charge on the rim and a negative charge on the
face. They interlink in a colloidal suspension due to electro-
static attraction, forming a “house of cards” structure.>® Higher
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Most studies on LAPONITE® focus on bulk-phase gela-
tion,”'® with limited research on its structural properties under
2D confinement.”*"** The viscoelastic properties of LAPONITE®
gels and the liquid-to-gel transition, as well as interactions
with various polymers and film formation of organo-clay via the
electrospray technique,*® have also been examined. While
these studies primarily address gelation dynamics in the bulk
phase, the gelation dynamics under 2D confinement remain
largely unexplored. Recent advancements in assembly tech-
niques, including Layer-by-Layer (LbL) and Langmuir-Blodgett
(LB), have been employed to fabricate biomembrane-nanoclay
thin films, with electrostatic interactions between the bi-
omembrane and LAPONITE® playing a crucial role in mono-
layer formation at the interface.'”'®* The LbL method enables
simple construction of multilayered films with substantial clay
or organic content, although it offers limited control over
molecular precision, making it more suitable for thicker,
composite films. Conversely, the LB technique attains a high
degree of molecular organization and layer uniformity, making

© 2026 The Author(s). Published by the Royal Society of Chemistry
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it optimal for applications that demand precise spatial
arrangement and structural regularity.

In the present work, we report the assembly of LAPONITE®
(LP) particles on the surface of three different subphases: water,
saline, and basic. The in situ interaction dynamics of the lipid-
nanoclay system were characterized by using Langmuir mono-
layer compression isotherms, which reveal the adsorption of
LAPONITE® at the interface. The ex situ structural analysis of
films transferred from different subphases was conducted
using atomic force microscopy (AFM) and X-ray reflectivity
(XRR) techniques. AFM measurements validate nanoclay
adsorption at the interface across all subphases, with films from
the water subphase showing greater uniformity at higher LP
concentrations. Films transferred from the saline subphase
show larger clusters compared to those from the water
subphase. However, increasing LP concentration in the basic
subphase demonstrates lateral aggregation of LP particles at the
interface. XRR analysis corroborates the AFM measurements,
showing an increase in electron density (ED) of the organo-clay
film with increasing LP concentration in the subphase.

Materials and methods
Materials

A solution containing 0.2 mg of positively charged lipid 1,2-
dimyristoyl-3-trimethylammoniumpropane (DMTAP; Fig. S1)
with a molecular weight of 590.4 g mol ™" (14 : 0 TAP, Avanti Polar)
was prepared by dissolving it in 2 ml of chloroform (HPLC grade,
Merck). This lipid solution was utilized for monolayer formation
at the air/water interface. Sodium chloride (NaCl) and sodium
hydroxide (NaOH), purchased from Merck, were used to prepare
the saline and basic subphase, respectively. LAPONITE® nano-
clay (BYK Additives; Fig. S1) was dissolved in the subphase to
facilitate interaction with the lipid at the interface. The air water
interface was formed using ultrapure deionized water (Millipore,
resistivity = 18.2 MQ). All glassware utilized in the experiments
was thoroughly cleaned with isopropyl alcohol (IPA), acetone,
and deionized water (DI water).

Subphase and LAPONITE® solution preparation

Three distinct subphases (water, saline and basic) were
prepared to investigate the dynamics of DMTAP-LP films on
their interface. The water subphase was prepared by directly
utilizing DI water as the subphase, while the saline and basic
subphases involved introducing NaCl and adjusting the pH of
the subphase, respectively. In the saline subphase, NaCl was
mixed into the DI water to achieve a final salt concentration of
1 mM in the subphase. The pH of DI water and the saline
subphase was estimated to be similar (~7), while for the basic
subphase, the pH of DI water was kept constant at 10 by adding
NaOH solution to the subphase. The LAPONITE® solutions
were prepared separately in each subphase by dissolving an
appropriate quantity of LAPONITE® and vigorously stirring it at
1000 rpm for about one hour until a transparent solution was
obtained.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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DMTAP-LP film at different subphases

The DMTAP monolayer was formed on a Langmuir mini trough
coated with Teflon (Biolin Scientific), equipped with symmetric
hydrophilic Delrin barriers, and the surface pressure was
measured using a paper Wilhelmy plate (Whatman paper) of
perimeter 20.6 mm. Before monolayer formation, different
subphases (~200 ml) were added to the trough, and the surface of
the subphase was cleaned via an aspirator until a final surface
pressure of =<0.2 mN m™" was reached. Following that 50 pl
DMTAP solution (0.2 mg ml ') was evenly spread on the
subphase.’** The monolayer was then allowed to settle undis-
turbed for ~30 min, to ensure complete evaporation of chloro-
form from the surface. The surface pressure vs. mean molecular
area (II-A) isotherm was recorded through controlled compres-
sion of barriers at a speed of 5 mm min . This recorded
compression isotherm was used as a control for all DMTAP-LP
systems. For preparing DMTAP-LP films, a small volume of stock
LAPONITE® solution of concentration 11 mg ml~* (e.g:, 15 mL for
the 0.05 wt% LP) was first prepared separately and thoroughly
mixed until a transparent and homogeneous solution was ob-
tained. This pre-mixed LP solution was then gently introduced
into the subphase of the Langmuir trough from one side of the
barrier, while an equivalent volume of the subphase (10 mL) was
simultaneously removed from the opposite side of another barrier
to maintain a constant total volume (~200 mL) in the trough.
Different volumes of the LP solution were then added in the
subphase, resulting in final nanoclay concentrations of 0.05 wt%,
0.16 wt%, 0.38 wt% and 0.5 wt% in the subphase. To ensure
uniform diffusion and interaction of the LAPONITE® particles
with the pre-formed DMTAP monolayer across the entire inter-
face, the system was allowed to equilibrate undisturbed for
approximately 6 hours. This prolonged interaction time allowed
for sufficient mixing and adsorption of nanoclay particles onto
the monolayer. We arrived at this specific equilibration time
through a series of preliminary experiments (Fig. S2). Our crite-
rion was that, after introducing particles to the subphase, the lift-
off area showed no further notable change with time.

The ex situ structural morphology of lipid-nanoclay
composite films was investigated by transferring them from the
interface using the Langmuir-Schaefer (LS) technique.”” The
films were transferred at a surface pressure of 5 mN m ' onto
piranha-cleaned silicon substrates held horizontally by an
automated dipper, with the polished side in contact with the
water surface (Fig. S3). The transfer speed was maintained at 2
mm min " for both upward and downward movements. Atomic
Force Microscopy (AFM) in tapping mode at room temperature
was used to characterize the surface morphology of the films.>
For all AFM measurements, the tip resonance frequency was set
at 70 kHz, with a scan speed of 1 Hz and a scan size of 256 x 256
pixels. Different areas of the film were scanned within regions of
5pum x 5 um and 1 pum x 1 pm. The AFM images were pro-
cessed and analyzed using Gwyddion software.** Additionally,
the out-of-plane XRR measurement of the DMTAP-LP complex
was conducted using a synchrotron source at the Grazing Inci-
dence X-ray Scattering (GIXS) beamline, BL-13, Indus-2, RRCAT
Indore, with a photon energy of 10 keV (1 = 1.23 A). Data were
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recorded under specular conditions, keeping the incident and
reflection angles constant (), ensuring that the scattering
occurred in the same plane to provide the vertical wave vector
4., whose value is given as

47 .
4. = TTEsm 0 )]

The recorded data consist of various defects due to the beam
profile and geometric factor of the instrument, known as the spill-
over effect, which needs to be corrected.>?¢ Thus the recorded data
was first normalized to remove the defects, and then compared
with Fresnel reflectivity for a flat surface, R(f) given as

R0 ]0— NGE —25+2iﬁ)2
- ’6+\/02—26+2iﬁ)2

where 6 and § are the dispersion and absorption constant of the
film, respectively. The calculated normal wave vector g, at the
critical angle ¢ for bare silicon substrate from the normalized
reflectivity profile is 0.3 A™* (Fig. 54). The normalized reflectivity
profiles were compared with theoretical Fresnel reflectivity for
a flat surface and analyzed using Parratt's formalism, where the
film is assumed to be a stack of multiple layers with sharp
interfaces (inset of Fig. S9(b)).2**” The profiles were modelled for
multiple interfaces using the Moto fit package in IgorPro
software.?®

(2)

Results and discussion
Structural analysis of lipid-nanoclay films

In situ compression isotherm for the DMTAP-LP film. The
Langmuir-Bodgett (LB) technique is utilized to measure the
Langmuir monolayer compression isotherm of the lipid-nano-
clay system at the interface as it is widely recognized as one of
the best methods for controlled measurement at the inter-
faces.””*” Fig. 1 shows the typical compression isotherm and
static elastic modulus (E) of the DMTAP monolayer and
DMTAP-LP complex monolayer at the interface. The static
elastic modulus (E) is calculated using;

(a) e DMTAP (b) e DMTAP
ol C === DMTAP-LP 100 | e DMTAP-LP
§ ¢ LC 380
40 Z 60
E | L E
%20_ = 40
LE
LE . 20
0 . 0
0 50 100 150 200 0 50 100 150 200
MMA (A?) MMA (A%
Fig. 1 (a) II-A isotherm of a pure DMTAP film and DMTAP-LP

monolayer. Different 2D phases from gaseous (G) to liquid-condensed
(LC) are observed before the monolayer collapses (C). (b) The static
modulus (E) isotherm of monolayers calculated from the compression
isotherm. Higher |E| for the DMTAP-LP monolayer reveals increased
rigidity of the film.
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drn
E= —Ad—A (3)
where IT and A are the surface pressure and mean molecular
area (MMA) of the film during compression, respectively.

The compression isotherms reveal the transition of mono-
layers across distinct two-dimensional phases as shown in
Fig. 1(a). The gaseous (G) phase represents the region where
molecules are sufficiently separated, resulting in negligible
interaction with neighboring molecules. Upon compression,
we measure an increase in surface pressure due to enhanced
intermolecular interactions. The mean molecular area (MMA)
at which surface pressure begins to increase is termed as the
lift-off area (4,), which defines the transition of the film from
the gaseous phase to the liquid-expanded (LE) phase, marking
the onset of intermolecular interaction within the film. On
further compression, both monolayers transition through
liquid-expanded (LE) and liquid-condensed (LC) phases before
the monolayers collapsed (C). The measured 4, for the pure
lipid film is approximately 100 A%, aligning with prior studies
on DMTAP monolayers.”> For the DMTAP-LP monolayer, 4,
shifts to ~130 A%, due to nanoclay adsorption at the interface.
The static elastic modulus (Fig. 1(b)) using eqn (3) indicates
a higher value of |E|.x for the DMTAP and DMTAP-LP films
with estimates of 90 mN m™" and 100 mN m ™' respectively,
showing the higher mechanical stability of the lipid—-nanoclay
film than the lipid film.*>*' The higher |E|y.x Observed for the
DMTAP-LP monolayer arises from the increased rigidity
imparted by nanoclay adsorption at the interface. LAPONITE®
platelets, with their disc-like shape and anisotropic charge
distribution (negatively charged basal surfaces and positively
charged rims), adsorb via electrostatic interactions onto the
cationic DMTAP monolayer, reinforcing lateral cohesion
within the film. This interaction reduces molecular mobility,
thereby increasing the resistance to compression, which
manifests as higher elastic modulus values for DMTAP-LP
films compared to the pure DMTAP monolayer. The transition
between different phases, as observed in the isotherm
(Fig. 1(a)), is reflected in the changing slopes of the E vs. MMA
curve (Fig. 1(b)). Furthermore, the estimates of E,.. were
found to increase with LP concentration indicating enhanced
adsorption of the LP particles at the interface (Fig. S5).

Fig. 2(a—c) shows the II-A isotherms of DMTAP-LP films with
varying LP concentrations in water, saline, and basic subphases,
respectively. The lift-off area (4,) increases with increasing LP
concentrations for all subphases, confirming the enhanced
adsorption of LP particles onto the DMTAP monolayer. For the
water subphase, the 4, values at 0.05%, 0.16%, and 0.38% LP
concentrations are ~130 A%, 158 A% and 167 A% respectively. On
the saline and basic subphases, the corresponding A, values are
~155 A% 166 A% and 176 A? for the saline subphase, and ~136 AZ,
182 A% and 198 A? for the basic subphase, respectively. For the
pure DMTAP monolayer, A, is ~100 A% as mentioned above. The
maximum change in the lift-off area, A4, is calculated by taking
the difference between the 4, value of the monolayer with the
maximum LP concentration and that of the pure DMTAP mono-
layer (Fig. 2(d)). The A4, estimates for water and saline are ~67 A

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 (a—c) The compression profile of a DMTAP—LP film with varying
LAPONITE® wt% on the water, saline and basic subphases, respec-
tively. (d) The increment in lift-off area (AAg) with increasing nanoclay
concentration in water, saline and basic subphases. Maximum incre-
ment in lift-off area (Ag) is observed in the basic subphase indicating
the highest adsorption of LP platelets on the interface.

and ~75 A respectively, with a maximum measured shift of ~100
A? for the basic subphase. The adsorption of LP particles at the
interface is facilitated by the electrostatic attraction between the
negatively charged basal surface of the particle and the positively
charged lipid layer. The positively charged edges of the LP particles
hinder their adsorption at the interface, but promote interparticle
interaction in the subphase, which depends on particle density. It
has been found in the literature that at high concentration, LP
particles form clusters of the house-of-card structure due to
attractive interaction between the basal surface and edges of
neighboring particles.>*** These interparticle interactions are
tunable through concentration,*?** salinity***® and pH***® of the
subphase as has been reported in the literature for bulk solutions.

The interplay of particle-particle interactions in the subphase
and particle-surface attraction will control the surface adsorp-
tion of LP particles. For the water subphase the interparticle
attraction due to the negatively charged basal surface and posi-
tively charged edges is maximum, as compared to saline and
basic subphases. The marginal increase in the adsorption of LP
particles for the saline subphase compared to that of water can be
attributed to the screened interparticle attraction which shall
promote better surface adsorption. In the basic subphase (pH
10), LP particles are fully deprotonated due to the abundance of
OH™ ions, increasing the negative charge density of the LP
particles, which strengthens electrostatic attraction with the
positively charged interface, thereby enhancing nanoclay
adsorption. The particles in the subphase are stabilized through
repulsive interparticle interaction.* This interaction strength
promoting the colloidal stability in the subphase is maximum for
the basic subphase, followed by saline and water subphases. We
observe that, at a fixed particle concentration, a reduction in
interparticle interaction strength—driven by subphase composi-
tion—leads to an increase in surface adsorption.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Surface morphology analysis of the DMTAP-LP film. The
AFM micrographs for surface morphology study of the DMTAP-
LP films transferred from water, saline, and basic subphases at
varying LP concentrations (0.05 wt%, 0.38 wt%, and 0.5 wt%)
are shown in Fig. 3. It is evident from the AFM data that for all
subphase conditions, the particle adsorption at the interface
increases with increasing LP concentration. Individual
LAPONITE® nanoclay particles are disc-shaped, with diameters
of ~25-30 nm and a thickness of ~1 nm. The AFM data reveal
that the clay particles form an aggregated cluster at the inter-
face. The size of the cluster, measured from high magnification
images of the DMTAP-LP film transferred from the water
subphase (Fig. S7), is ~100 nm. We find that this size is larger
than the size of the individual particle, probably because of
strong electrostatic interparticle attraction between nanoclays.
Our estimates suggest that the cluster sizes are ~3-4 particles in
the water subphase. Furthermore, we observe that the DMTAP-
LP films (Fig. 3(a—c)) exhibit a disordered arrangement of
nanoclay clusters. To quantify the surface coverage of nanoclay
films transferred from different subphases at varying nanoclay
concentrations, we selected the threshold height of ~3 nm
(Fig. S8) at which surface density and lateral cluster size are
estimated, unless mentioned otherwise. As the concentration of
LP increases from 0.05% to 0.38%, the surface density estimates
of the LP cluster increase from ~13% to ~16%, leading to
a gradual transition toward a more compact and homogeneous
film. The estimates of the cluster size and the surface coverages
are obtained using the Image] analysis software.*

Similar to the water subphase, films transferred from the
saline subphase (Fig. 3(d-f)) show formation of LP clusters at the
interface. On increasing LP concentration in the subphase, from
0.05% to 0.38%, the estimated density of the LP cluster increases
from ~10% to ~22%. At 0.5% LP, the high density of the surface
films makes it impossible to get an error-free estimate of the
cluster size and surface coverage. At low concentrations, both the
systems exhibit nearly similar coverage, with considerably large
nanoclay cluster density at enhanced LP concentration in the
saline subphase compared to water. This is consistent with the
results from in situ isotherms as discussed above, where a higher
shift in lift-off area has been measured for saline compared to
water. Notably, we found that the LP films from the saline
subphase are relatively more heterogeneous compared to water.
The heterogeneity in the surface film increases with increasing
concentration of particles in the subphase (Fig. 3(d-f)). Unlike
water and saline, monolayers transferred from the basic
subphase, pH 10 (Fig. 3(g-i)), exhibit smaller LP clusters (Fig. S6)
and a homogeneous film at low LP concentrations. However, with
an increase in LP concentration we observe the formation of
heterogeneous films. The LP particles in the basic solution (pH
10) are known to exhibit uniform negative charge on both the
basal surface and edges of the disc particles.>*® Under these
conditions, the particles in the subphase are stabilized by
repulsive interactions. However, compared to water and saline
subphases, enhanced electrostatic attraction with the lipid
surface is expected. This accounts for the smaller cluster size and
the higher particle surface density. The adsorption of particles at

Nanoscale Adv., 2026, 8, 524-531 | 527


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5na00689a

Open Access Article. Published on 04 November 2025. Downloaded on 2/26/2026 2:00:58 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale Advances

Saline

25.0 nm

Base

0.05% LP

0.38% LP

View Article Online

Paper
17.0 nm 10.0 nm

9.0
14.0 8.0
12.0 7.0
10.0 60
8.0 50

4.0
6.0

3.0
4.0 20
0.0 0.0
4.0 nm 15.0 nm
35

12.0
3.0

1
25 0.0
20 8.0
15 6.0
10 4.0
00 0.0
40.0 nm 30.0 nm
35.0

25.0
30.0
2.0 20.0
20.0 15.0
15.0

10.0
10.0

50
0.0 0.0

0.5% LP

Fig. 3 Surface morphology of films transferred from different subphases at varying LP concentrations. (a—c) Films transferred from the water
subphase; (d—f) films transferred from the saline subphase; and (g-i) films transferred from the basic subphase, respectively (scan size: 5 um x 5
pum). High magnification images of corresponding films are shown in the SI (Fig. S6).

the interface increases with concentration, resulting in density-
driven aggregation and the formation of a heterogeneous film
at high concentrations. Interestingly, although heterogeneous
films are observed in both saline and basic subphase systems, the
mechanisms underlying their formation differ. In the saline
system, cluster formation is primarily driven by enhanced inter-
particle interactions between the oppositely charged basal
surfaces and edges, leading to cluster growth. In contrast, in the
basic system, aggregation occurs due to an increase in particle
density, driven by enhanced adsorption at the surface as a result
of stronger surface and particle interactions. Thus we see
heterogeneous films for saline at all concentration (Fig. 3(d—f))
whereas for a basic subphase this phenomenon is observed at
higher concentration (Fig. 3(i)). Our results provide insights into
the adsorption mechanism of nanoclay particles that are driven
by dominant particle-surface and particle-particle interactions
depending on the ionic composition of the subphase.
Out-of-plane XRR analysis of DMTAP-LP films. The
normalized XRR data for DMTAP-LP films at varying concen-
trations of LP (0.05% LP, 0.38% LP and 0.5% LP) transferred
from water, saline and basic subphases are shown in Fig. 4(a-
c), respectively. The solid lines are fit to the data, using the

528 | Nanoscale Adv, 2026, 8, 524-531

Parratt algorithm??>?%%” to extract information regarding film
thickness, density and composition. Analysis of XRR data
provides an electron density profile (EDP), which represents
the in-plane average electron density (e) as a function of the
out-of-plane distance/thickness of the film (Z). In this analysis,
the box model used to fit the data consists of several layers,
representing silicon, SiO,, lipid tail (L) and a mixture of lipid
head + nanoclay layer (LP + Ly) respectively (inset: Fig. 4(d-f)).
The parameters obtained (Table ST1) after fitting XRR data of
a bare silicon substrate (Fig. S4) were subsequently used to fit
the different layers of the DMTAP-nanoclay film.**"**

The electron density profiles (EDPs) extracted from fitting the
XRR data for the corresponding DMTAP-LP films are displayed in
Fig. 4(d-f). The thickness, electron density (ED), and roughness of
the lipid-nanoclay films obtained from the fit to the XRR data are
shown in Table ST3. It can be seen that the thickness estimate of
the LP + Ly layer varies in the range of 31-42 A for all the systems,
validating the thickness estimate of the nanoclay film from the
AFM micrograph (Fig. S8). Given that the size of the lipid head
group is approximately 6-8 A, the thickness of the LP films is
estimated to be in the range of 23-36 A, indicating that LP particles
interact with the lipid via their negatively charged basal surfaces.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.4 (a—c) The reflectivity profile of the DMTAP-LP films transferred from different subphases (water, saline and basic respectively) with varying

LP concentrations. (d—f) The extracted electron density profile (EDP) from the fitting of reflectivity data of the corresponding films using Parrat's
algorithm. The inset of the EDP profiles shows the model used for fitting the data.

Furthermore, thickness estimates greater than 1 nm (the thickness
of one LP particle) suggest the formation of a multilayer structure
with 2-3 particle layers at the interface. The composite layer
thickness was found to be weakly dependent on concentration
across all systems, indicating that the out-of-plane morphology is
not significantly affected by the increase in in-plane density
observed in the isotherms and AFM data. The film roughness
marginally depends on particle composition, however it exhibits
the maximum value for the basic subphase. This trend is consis-
tent across different subphase systems and aligns with AFM
observations, which show that surface heterogeneity and film
roughness increase for films formed on water, saline, and basic
subphases (Table ST3).

The surface density estimate of the composite layers
derived by integrating the area under the curve of the EDP
profile is shown in Fig. 5. The electron density of the bare
silicon substrate was used as a baseline control, allowing us to
isolate and quantify the contribution from the interfacial
DMTAP-LP film. This integrated value represents the total
interfacial film density resulting from particle adsorption. It
can be seen that the surface density consistently increases
with particle concentration for all the systems. At 0.5 wt% LP
on pure water, the slight decrease in surface density likely
arises from increased interfacial roughness and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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heterogeneous coverage, which can reduce the apparent elec-
tron density in XRR analysis. These observations are consis-
tent with AFM and isotherm data, reflecting similar trends in
in-plane and out-of-plane structural features.

Conclusion

This study illustrates how the ionic composition of the
subphases (water, saline, and basic) influences the adsorption,
clustering, and structural properties of lipid-nanoclay films.
The basic (pH 10) subphase facilitates negative charge on both
the basal and edge surface of the nanoclay particle, thus
enhancing the overall negative surface charge density of the
particle. As a result, maximum nanoclay adsorption was
measured for the basic subphase because of strong electrostatic
interactions between negatively charged LAPONITE® particles
and the positively charged DMTAP lipid film. The particles in
the basic subphase are stabilized by repulsive interactions. The
interfacial particle adsorption for the saline and water subphase
(both having pH ~ 7) is similar, with marginally higher esti-
mates for the saline subphase. These results suggest that
a stable colloidal dispersion facilitates the adsorption of the
particles on charged surfaces and the choice of dispersion for
adsorption of nanoclay particles in increasing order of affinity
are water, saline and basic.

AFM analysis showed disordered LAPONITE® clusters in
films from the water subphase at the lowest LP concentration,
which densified into a homogeneous film with increasing
particle concentration. Saline subphases resulted in heteroge-
neous film formation at low concentrations, with increasing
heterogeneity at higher concentrations. Basic subphases, on the
other hand, exhibited homogeneous film formation at low
concentrations, transitioning to heterogeneous films at higher
concentrations. In the case of films from basic subphases,
heterogeneity appears due to an increase in interfacial density
of the particles, whereas in the case of a saline system, the
heterogeneous network (at low concentration) occurs because
of screened interparticle repulsion in the presence of a saline
environment. The out-of-plane XRR analysis corroborates the
AFM findings, with the lowest electron density (ED) observed in
the nanoclay layer on the water subphase. Basic and saline
subphases show nearly similar ED values but higher estimates
of thickness and roughness, further validating heterogeneity in
the interfacial films. Overall, this study underscores the critical
role of subphase modification in determining the interfacial
properties and structural morphology of lipid-nanoclay films.
These findings provide valuable insights into the adsorption
behavior of charged complex colloids on charged surfaces
under different ionic conditions.
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