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Halloysite nanotubes (HNTSs), naturally occurring aluminosilicates with a tubular structure, are promising
nanocarriers for drug delivery due to their biocompatibility and unique morphology. However, their interaction
with lipid membranes remains not fully explored. In this work, we aim at elucidating on the adhesion of HNTs on
unilamellar vesicles made of phospholipids used as model of biological membranes. The adhesion was modulated
by varying the lipid composition, ionic strength, and the size ratio between HNTs and vesicles. The adhesion

mechanism was also studied by trapping a single HNT with optical tweezers and let it interact with a single
vesicle. These findings show a preferential adhesion of the HNT tip on the lipid bilayer, which represents an
important step toward directional membrane targeting in biomedical applications.

1. Introduction

Halloysite nanotubes (HNTs) are among the most widely studied and
utilized nanoclays due to their unique hollow tubular structure and
chemical similarity to kaolinite. This distinctive morphology, combined
with its natural abundance, makes halloysite a versatile material for
applications in several fields, including catalysis, environmental
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remediation, and nanomedicine [1-3]. Halloysite is a naturally occur-
ring clay mineral from the kaolin group, first identified by Berthier as a
1:1 dioctahedral aluminosilicate [4]. What makes it different from its
close relative kaolinite is the presence of interlayer water molecules,
which play a key role in shaping its structure. Its general formula,
Al2Si20s(OH)4-nH30, reflects this variability: when n = 2, it exists in the
hydrated form known as halloysite 10 A; when n = 0, it becomes the
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dehydrated form, halloysite 7 A, typically achieved through heating or
vacuum treatment [5,6]. Structurally, halloysite consists of alternating
layers of silica tetrahedra and alumina octahedra, which roll up to form
hollow nanotubes. The dimensions depend on the geological source and
purification method, but they generally exhibit an internal diameter of
10-30 nm, an external diameter of 40-70 nm, and lengths of 200-4000
nm [7]. The internal structure of HNTs is highly complex, with edge
steps present along both the tubular surface and the ends. These steps
result in abrupt changes in the nanotube morphology and are associated
with increased chemical reactivity, as atoms located at these edges are
not fully coordinated [8]. This unique tubular morphology makes hal-
loysite a highly versatile material with promising potential across a
range of scientific and technological applications [9-11].

In recent years, HNTs have attracted growing interest as carriers for
controlled drug delivery, thanks to their unique tubular structure,
biocompatibility, and ability to encapsulate a wide variety of thera-
peutic agents [12]. Thanks to their tubular structure, HNTs can effi-
ciently encapsulate drugs within their inner cavity, while their
modifiable outer surface can be engineered to control release kinetics,
improve targeted delivery, or activate release under specific pH. Cheng
et al. reported an example of a halloysite hydrogel exhibiting hydrogen
peroxide responsiveness and a turn-on fluorescence behavior, developed
for controlled drug delivery [13,14].

Despite their promising biomedical applications, the behavior of
HNTs in complex biological environments remains only partially un-
derstood. Their interactions with cellular membranes are crucial for
evaluating both the efficacy and safety of drug delivery systems. When
in contact with lipid bilayer membranes, micro and nanoparticles may
induce poration or rupture, be internalized by the cell, or be repelled
[15-17]. Some experiments were performed using giant unilamellar
vesicles (GUVs), which offer highly suitable biomimetic platforms to
investigate these interactions under controlled in vitro conditions. As
synthetic cell-sized vesicles composed of lipid bilayers, GUVs allow
direct observation of key processes such as nanoparticle adsorption,
membrane penetration, deformation, or disruption [18,19].

Giant unilamellar vesicles are powerful model systems with appli-
cations spanning two main fields: membrane biophysics and the bottom-
up construction of synthetic cells [20]. In the first context, they are
employed to study phase separation, domain formation, membrane
deformation, as well as interactions with proteins, peptides, and anti-
microbial agents [21]. Within synthetic biology, GUVs have been engi-
neered to mimic key cellular features such as compartmentalization,
communication, growth, division, motility, and metabolic activity,
enabling the development of artificial cells capable of interacting with
living systems [22]. More recently, GUVs have also been explored as
potential drug delivery vectors, particularly thanks to advances in
microfluidic techniques that allow the efficient encapsulation of large
biomolecules such as DNA, RNA, and enzymes [23,24].

A few studies still investigate the interaction between nanotubes and
lipid vesicles. Notably, carbon nanotubes used in biomedical applica-
tions have demonstrated that variations in surface functionalization can
lead to distinct modes of interaction with GUVs: they can localize on the
membrane surface, interacting with the lipid headgroups, insert within
the bilayer, interacting with the hydrophobic tails, or even induce the
formation of micellar structures [25]. Carbon nanotubes with lengths of
5-15 nm have also been engineered to insert into lipid membranes,
functioning as artificial channels for the transport of water, protons,
small ions, and DNA [26]. Taking advantage of their tubular geometry,
they can be treated as rigid rods, for which translational and rotational
diffusion coefficients can be predicted based on their length and diam-
eter using established theoretical frameworks [27]. Upon contact with a
lipid membrane, their anisotropic shape and orientation give rise to two
distinct engulfment pathways tip-first or side-first with membrane ten-
sion further modulating both the selection and progression of these
pathways [28].

In this contest, we investigate the interactions between halloysite
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nanotubes (HNTs) and giant unilamellar vesicles (GUVs) using optical
microscopy, particle tracking, and optical tweezers. Interactions can be
enhanced either by tuning the surface properties of the nanotubes or by
modifying the vesicles. For instance, alkaline treatments increase the
number of external reactive OH groups on HNTs, strengthening
hydrogen bonding and electrostatic interactions with lipid membranes,
while surface functionalization with molecules such as silanes can
introduce specific chemical groups to modulate these interactions.
Alternatively, surface functionalization with molecules such as silanes
can introduce specific chemical groups to modulate these interactions
[29,30]. In this study, we focused on modifying the membrane compo-
sition or the ionic strength to enhance the attraction between nanotubes
and membranes.

To gain further insight into these interactions at smaller length
scales, we complement this approach with cryo-TEM analysis on anal-
ogous systems, employing small unilamellar vesicles (SUVs) and smaller
HNTs. This system provides a well-defined model to study interactions,
representing a preliminary step toward the potential use of halloysite
nanotubes in biomedical applications.

2. Experimental study
2.1. Materials

Stock solutions of DOPC (1,2-dioleoyl-sn-glycero-3-phosphocho-
line), DOTAP (1,2-dioleoyl-3-trimethylammonium-propane), and NBD
PE (1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-
benzoxadiazol-4-yl)) were obtained from Avanti Polar Lipids. Two
different vesicle systems were studied: neutral vesicles (99% DOPC, 1%
NBD-PE) and cationic vesicles (95% DOPC, 4% DOTAP, 1% NBD-PE),
prepared at molar ratios of 99:1 and 94:5:1, respectively, with a final
lipid concentration of 1 g/L. Imerys Ceramics supplied halloysite
nanotubes sourced from Matauri Bay, New Zealand (HNTs_NZ), whereas
Hallo-Pure halloysite nanotubes (HNTs_UP) were obtained from I-Min-
erals. Both materials were utilized without further modification. Sodium
chloride (NaCl, >99.0% purity), glucose (>95.0%), and sucrose
(>99.5%) were purchased from Sigma-Aldrich.

3. Methods

The optical setup comprised a Nikon Eclipse TE2000 microscope
(x60 objective; Nikon) equipped with a CMOS camera (OrcaFlash 4.0,
Hamamatsu) working in bright field or fluorescence. Video acquisition
was performed at frame rates ranging from 10 to 900 fps. The particle
center of mass (x, y) was tracked using the open-source software ImageJ
1.54p. Tracking of HNT orientation was also performed by measuring
the angle ¢ between the major axis of the tube and the horizontal axis in
the imaging plane. The image analysis identified a brighter region cor-
responding to the HNT. The size of this bright region also depends on the
out-of-plane particle orientation angle. For each experimental condition,
including systems with NaCl and membranes containing DOTAP, 15-20
independent particle trajectories were analyzed. Trajectories were ob-
tained from multiple vesicles and distinct areas of the sample, enabling
the capture of the full range of interaction behaviors.

We used an optical tweezer setup that features a 976 nm fiber Bragg
grating (FBG) single-mode laser diode (Thorlabs BL976-SAG300) with a
maximum output power of 300 mW. This laser is coupled to a high
numerical aperture objective lens (Nikon Plan Fluor 100x, NA = 1.30)
to enable efficient optical trapping. Sample visualization is achieved
through an LED illumination source paired with a CMOS camera (Orca-
Flash 4.0, Hamamatsu). The system also includes a fluorescence module
(Thorlabs OTKB-FL) integrated with a mercury lamp (Nikon C-HGFI) for
fluorescence imaging.

The principle of Cryo-TEM of vitrified specimens was previously
described by Dubochet et al. in 1988. The vitrification of the samples
was carried out in a homemade vitrification system. The chamber was
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maintained at 22 °C, and the relative humidity was 80%. A 5 pL drop of
the sample was deposited onto a lacey carbon film covered with a 300
mesh Cu grid (Ted Pella-USA) rendered hydrophilic using an ELMO glow
discharge unit (Cordouan Technologies, Pessac, France). The grid was
automatically blotted to form a thin film and plunged in liquid ethane at
—190 °C, as maintained by liquid nitrogen. Thus, a vitrified film was
obtained in which the native structure of the nanoparticles and lipo-
somes was preserved. The grid was mounted onto a cryo holder (Gatan
626-Pleasanton, CA, USA) and observed under low-dose conditions (10 e
A [2]) in a Tecnai G2 microscope (FEL, Eindhoven, Netherlands) at 200
kV. Images were acquired using an Eagle slow scan CCD camera (FEI)
[31].

3.1. Preparation of Giant unilamellar vesicles

Giant unilamellar vesicles (GUVs) were obtained using the polyvinyl
alcohol (PVA) gel-assisted swelling method [32]. Briefly, a 5% (w/w)
PVA solution was prepared in ultrapure water and stirred on a hot plate
at 80 °C for 3 h. Subsequently, 100 pL of the solution was spread onto the
bottom of a polytetrafluoroethylene (PTFE) chamber and dried in an
oven at 80 °C for 35 min to form a thin gel film. Afterwards, 10 pL of
lipid solution (as reported in 2.1. Materials) was spread onto the dried
PVA film and placed under vacuum for 30 min to allow complete
evaporation of chloroform.

The lipid-coated film obtained was hydrated with 200 pL of a 150
mM sucrose solution and incubated for 2 h, allowing vesicle formation
through the swelling process [32]. The resulting GUVs suspension was
subsequently transferred into an Eppendorf tube containing 1 mL of a
158 mM glucose solution. This created a slight osmolarity and density
difference between the vesicle interior (sucrose solution) and exterior
(glucose solution), promoting gentle deflation and sedimentation of the
GUVs.

In addition, in some cases, the same preparation was carried out by
adding NaCl to the sucrose and glucose solutions to reach a final con-
centration of 7 mM. This concentration was chosen as the minimum
effective ionic strength capable of providing a measurable screening of
electrostatic repulsion, thereby enabling a clearer enhancement and
observation of the interactions between halloysite nanotubes and giant
vesicles. In this case, the lipid mixture consisted of DOPC and NBD-PE in
a 99:1 M ratio.

3.2. Preparation of small unilamellar vesicles

Small unilamellar vesicles (SUVs) were prepared using 100 pL of
DOPC-DOTAP (10 mg/mL) placed in a 5 mL flask. Subsequently, 10 pL
of a lipid solution in chloroform (1 mg/mL) was added, and the solvent
was evaporated under reduced pressure (20 mbar) for 45 min. The
resulting lipid film was hydrated with 1 pL of water and stored at 4 °C for
12 h. The sample was then subjected to five sonication cycles, followed
by centrifugation at 4000 rpm for 10 min [33].

3.3. Sample for optical microscopy

A 0.17 mm-thick glass coverslip is first cleaned by sequential im-
mersion in chloroform, acetone, ethanol, and ultrapure water baths,
then dried with compressed air. For cationic vesicles, the glass is
immersed for 15 min in a 2.5 g/L polyethylenimine (PEI) solution pre-
pared in ultrapure water, followed by three rinses of 2 min each with
ultrapure water. This treatment prevents positively charged vesicles
from rupturing upon contact with the glass surface and is omitted when
working with uncharged GUVs. A self-adhesive silicone isolator (9 mm
diameter, 1.7 mm thickness) is then applied to the coverslip to form the
sample chamber. The chamber is filled with 100 pL of 158 mM glucose
solution, 10 pL of GUV suspension, and 1 pL of a 1 g/L particle sus-
pension. Finally, the chamber is sealed with a second coverslip to
maintain constant osmotic pressure, prevent water evaporation, and
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minimize convection effects. To study the interaction between single
vesicles and nanotubes, a 0.001% HNTs suspension was added directly
onto the vesicle sample after deposition with a micropipette.

3.4. Particle tracking and diffusion of cylindrical particles

To explore the interactions between single halloysite nanotubes and
single giant vesicles, the nanotubes trajectories were first investigated in
the absence of vesicles. For this purpose, images were first processed by
adjusting contrast and brightness to clearly highlight the regions of the
nanotubes without optical interference. In order to analyse the diffusion
of HNTs, the particle is considered as a cylinder, with a long axis cor-
responding to the nanotube length L and a short axis corresponding to its
diameter d.

In the bulk, diffusion coefficients of a cylindrical particle can be
written as [27,34]:

(b) _ kBT[ln(L|d) + yH ]

Dy 27nL

oo _ KaTnd) +7.]
ot 47nlL

Do — 3k T(In(L|d ) +7,]

L3

where kg is the Boltzmann constant, T is the temperature and 7 is the
fluid viscosity; |, v, and y, are functions of the aspect ratio L/d.

(b)

Translational diffusion lengthwise Dm”

sidewise diffusion Dg’l, and for high aspect ratios, DS’_ )H /ng ltends to 2.

Experimental diffusion coefficients D, Dy, and Dy, can be
measured by the slopes of the mean squared displacements and angular
displacements of the tube as a function of the lag time. Displacements
can be measured in the lab frame (x, y) and in the rod frame (lengthwise
a, and sidewise b) and angular displacement are calculated from the tube
orientation angle ¢:

is always higher than the

MSD, + MSD, =< Ax? + Ay? >=2(Dy + Dy, ) At
MSD, =< Ad® >= 2D, | At
MSD, =< Ab? >= 2D, | At

MSAD =< A¢p? >= 2D, At

where At is the lag time.
4. Results and discussion
4.1. Halloysite nanotubes in aqueous solution.

Halloysite tubes show different size distributions depending on the
source deposit. Two different halloysites were used in this study: HNTs-
NZ and HNTs-UP (see section 2.1). A morphological characterization
was carried out to assess the nanotube length distribution using dried
samples in optical microscopy. As shown in S1, NZ allosite exhibits a
shorter length, with over 60% of the particles ranging from 0.75 to 1.29
pm. In contrast, HNTs-UP are mostly composed of tubes with lengths
showing significant distributions in the ranges 1.3-1.6 pm and 2-5 pm.
Regarding the tube diameter, typical distributions in the range between
60 and 160 nm were measured by electron microscopy for both tube
types. Optical microscopy cannot resolve structures at this diameter
scale, and the measurements obtained are approximately six times larger
than those from electron microscopy due to the light-scattering halo of
the tubes. Considering the size differences among the HNTs, we have
investigated HNTs-UP interacting with giant lipid vesicles by optical
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Fig. 1. (a) TEM images of HNTs-UP (b) TEM images of HNTs-NZ (c) Optical microscopy image of HNTs-UP.
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Fig. 2. a) Center of mass trajectory of a HNT-UP in the xy lab. Inset shows an optical microscopy image of a tube laying parallel to the bottom wall; b) Schematic
representation of the nanotube motion along its length (a) and side (b); ¢) MSD along the major axis (MSD,) and minor axis (MSDy); d) MSAD as a function of the lag

time. Lines are linear fits to measure the diffusion coefficients.

microscopy and HNTs-NZ interacting with small unilamellar vesicles by
electron microscopy. (Fig. 1).

4.2. Brownian motion of long Halloysite nanotubes in aqueous solutions

The dynamics of several single HNTs-UP in water were analyzed to
establish a baseline before examining their interactions with GUVs. We
have focused our attention on tubes with L > 4 pm. An example of the
measured trajectories is shown in Fig. 2. Given the length and the
density of HNTs-UP, tubes lay parallel to the bottom wall and perform
Brownian motion, as shown in Fig. 2-a (S.4, video 1). Mean squared

displacements MSD, and MSDy;, are shown in Fig. 2-c reveal a clear
anisotropy in its translational motion with a faster diffusion lengthwise
Dy than sidewise Dy, . This behavior is consistent with the hydrody-
namic predictions.The mean squared angular displacement shown in
Fig. 2-d is also linear with the lag time, and allows to measure the
rotational diffusion coefficient D,,, see SI.

Averaging on measurements with comparable tube lengths, we ob-
tained Dy, = 0.22 £ 0.06 pm*/s and Dy, = 0.13 £ 0.07 pm?/s, and D,
= 0.07 + 0.06 rad®/s (see SI).

It should be noted that the measurement of the tube displacement
sidewise could present a lower degree of accuracy, given the difference
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Fig. 3. Interaction between HNT and GUV in NacCl solution 7 mM (a) Nanotube trajectory in the xy plane along the GUV surface; (top right) optical microscopy
image; (bottom right) sketch of the top view geometry; (b) Mean square displacement (MSD) of the nanotube in the x and y directions (c) preferential orientation

of HNT.

between the diameter size d < 160 nm (by electron microscopy) and the
apparent diameter d,,, seen by optical microscopy dapp ~ 6d. Comparing
the measured diffusions to the predicted bulk values for a typical aspect
ratiop = L/d = 30 [27,34], we observe a slowing down of the diffusions,
agreeing with the expected enhanced drag due to the vicinity to a solid

wall. We find the ratios Dy, /D) = 0.46 + 0.13, Dy, /DY, = 0.41 +

w) =
0.22 and D,, /Dﬁ? = 0.54 + 0.22. From these ratios, it is possible to
evaluate the height of the tube axis with respect to the bottom wall [35]:

d D;
h =—-cosh—,

2 p®
which leads to h = 0.56 d. Assuming d = 160 nm, the height of the HNT
axis with respect to the bottom wall can be calculated: h ~ 90 nm, and
the gap between the bottom of the tube and the wall would correspond
to h- d/2 ~ 10 nm.

For HNTs-UP showing L < 4 pm, we observe very similar dynamics as

in Fig. 2. However, being the tube gravity now comparable to the
thermal agitation energy, we could observe that the tubes not only

a) b)

diffuse lengthwise parallel to the bottom wall, but they can also
temporarily stand up, showing rotational dynamics out of the imaging
plane.

4.3. Adhesion of HNTs on vesicle membranes by tuning the ionic strength
of the aqueous solution

A preliminary study was conducted on HNTs-UP and GUVs
composed of non-charged lipids such as DOPC. In this case, no signifi-
cant change in the tube Brownian motion was observed with respect to
the dynamics described before in the absence of vesicles. Hence, no
spontaneous adhesion between HNTs-UP and DOPC lipid membranes
was observed. Two strategies were applied to support adhesion between
HNTs and GUVs. The first one involved adding NaCl to the inner and
outer solutions of DOPC GUVs. By increasing the ionic strength of the
solution, a screening of the electrostatic double layer repulsion between
the tube and the membrane is expected. This reduction in the repulsion
allows the nanotubes to come closer to the GUV membrane, and even-
tually, it could support the adhesion between the HNT and the lipid

c)
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o
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[
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Fig. 4. a) (left) Tracking of a HNT interacting with cationic GUV (DOPC/DOTAP) by (top right) optical microscopy. (bottom right) sketch of the top view geometry;

b) Mean square displacement (MSD) along the x-axis and the y-axis.
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c) Trap off

2 -
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Fig. 5. Selected frames from optical tweezers recording, showing the initial contact between cationic GUV and HNT tip.

bilayer.

We start investigating large GUVs showing radii larger than 5 pm (>
L) in 7 mM NaCl aqueous solutions. In optical microscopy, a surprising
result was to observe that not only a HNT-UP adheres to a GUV in the
presence of salt, but that the adhesive HNT appears as circular objects
rather than long cylinders, see Fig. 3. Hence, HNT stands up when they
adhere to the GUV membrane. By analysing the tube trajectory, we
observed that the HNT keeps its circular shape, and for large GUV, we
did not observe any tube out-of-plane rotational dynamics, see (S4,
Video 2). Hence, we could track the center of the tube axis in time
(Fig. 3a), which follows an arc of the GUV surface.

From the measured mean squared displacements in the lab frame (x,
y), see Fig. 3b, we calculate the translational diffusion of the tube on the
GUV membrane (Dyx + Dyry)/2, Dyx = 0.05 pm?/s and Dy, = 0.03
pm?2/s. From these values, it follows that the tube diffusion on the
membrane is significantly smaller than both the bulk prediction DE: )L
(see SI) and the measured Dy = 0.13 + 0.07 pmz/s for a tube close to a
solid wall.

This finding provides clear evidence of the confined dynamics of the
nanotube at the vesicle interface where the local viscosity probed by the
tube includes the membrane viscosity (local 3D viscosity ~ 1 Pa.s) [18]
rather than only the water viscosity (1 073 Pa.s) as in the free Brownian
motion of a tube in water. No membrane fully wrapping the tube and no
tube penetration inside the GUV were observed. The HNT-GUV inter-
action does not alter the shape and size of the vesicle, indicating the
absence of strong deformation, damage, or disruption of the phospho-
lipid bilayer. These observations will be discussed in terms of a prefer-
ential adhesion of the HNT tip, where the silanolic groups on the HNT
surface engage with the polar headgroups of the lipids.

4.4. Adhesion of HNTs on vesicle membranes by tuning the membrane
composition

The second strategy to support adhesion between HNTs and GUV is
by the incorporation of DOTAP (4%) into the membrane composition,
see Fig. 4 and S4. video 3.

From the trajectory shown in Fig. 4, as before we observe that the
HNT stands up. By tracking the tube axis, we determine the diffusion
coefficients of the tube on the GUV surface: Dy x = 0.06 pmz/s and Dy y
= 0.02 pm?/s. Hence (Dyx +Diry)/2 is comparable with the values
found for DOPC GUV in the presence of 7 mM NaCl. In this configura-
tion, the adhesion between HNTs and GUVs can be attributed to the
presence of DOTAP, a cationic lipid that confers an overall positive

surface charge to the GUVs. Consequently, the vesicles exhibit a positive
zeta potential of approximately +33 mV, which promotes electrostatic
attraction with the negatively charged HNTs [18]. Despite differences in
chemical composition, their zeta potentials are comparable (—24.5 and
— 26.5 mV). In both cases, the nanotubes adopt the same preferential
orientation, remaining upright and interacting with the membrane,
consistent with the behavior observed previously.

4.5. Preferential tube tip-membrane adhesion of different HNTs on lipid
vesicles

To verify our hypothesis of a preferential HNT tip adhesion on the
lipid membrane and discuss a possible mechanism explaining the ver-
tical position adopted by the HNT, we performed optical tweezers and
electron microscopy experiments using vesicles of radii comparable or
smaller than the tube length.

In the first experiments, we trapped a single HNT-UP nanotube by
optical tweezers and investigated the adhesion kinetics on a cationic
GUV. This approach provides direct visualization of the HNT-GUV in-
teractions through the tip adhesion of an individual nanotube.

In these experiments, we used GUVs whose diameters are compara-
ble to the tube length, dgyy =~ L. As shown in Fig. 5, a nanotube is
trapped in a stand-up position by optical tweezers. When the HNT is
brought close to a GUV, no interaction is initially observed. Within few
seconds, however, the nanotube adheres irreversibly to the membrane.
After switching off the trap, the nanotube remains attached to the GUV.
Once the adhesion occurs, it is not possible to remove the HNT from the
GUV by applying optical forces in the pN range. In contrast to previous
observations, when the vesicle size is significantly smaller than the
nanotube length, the nanotube tip establishes direct interaction with the
lipid membrane. Upon deactivation of the optical trap, the elongated
side of the cylindrical structure becomes visible, highlighting that the
vesicle radius is comparable to the nanotube length. Under these con-
ditions, out-of-plane rotational dynamics can be clearly observed, and
the nanotube no longer appears as a circular object (S4.Video 4). This
result confirms the presence of a spontaneous and stable interaction
between the nanotubes and the lipid membrane in the presence of
DOTAP. The observed behavior can be explained by the higher density
of hydroxyl groups at the tips of HNTs, which enhances their interaction
with the polar headgroups of lipid membranes. Such enrichment origi-
nates from the natural termination of the nanotube structure, where the
crystallographic arrangement exposes more reactive hydroxyl groups at
the ends than on the side walls. This chemical feature accounts for the
preferential adhesion observed at the nanotube tips [36].
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\

HNT

Fig. 6. (a) Cryo-TEM image of SUVs (4% DOTAP). (b-c) Cryo-TEM images showing the interaction between HNTs and SUVs, with a schematic illustration (d) of the

interaction occurring at the nanotube edge.

To further investigate the interaction of HNTs at a smaller scale,
small unilamellar vesicles (SUVs), were prepared and incubated with
HNTs-NZ at a concentration of 7 mM of NaCl (Fig. 6a). In this case, we
focus on vesicles that are smaller than the HNT length, dsyy < L. Simi-
larly to GUVs (dgyy > L), no interaction was detected with neutral
vesicles composed exclusively of DOPC. In contrast, incorporating
DOTAP into the lipid composition led to an irreversible interaction, as
confirmed by cryo-TEM images clearly showing the nanotube edges in
contact with the vesicle bilayer. (Fig. 6 b-c). The presence of a lipid
bilayer on the sides of the tubes can be observed, similarly to what has
been reported for silica nanoparticles. This occurs through the spreading
of lipid patches, which expand and coalesce to form a continuous
bilayer, even over the irregular surface of the nanotubes [37]. This
finding demonstrates that the interaction between HNTs and phospho-
lipid membranes occurs preferentially on the tip of HNTs (HNTs-NZ and
HNTs-UP), both for giant and small vesicles.

Finally, we wish to comment on the mechanism dictating the stand-
up HNT position observed when long tubes interact with large vesicles
(dguv > L), see Fig. 3 and fig. 4. Our observations point to a tube tip
adhesion that moves against the gravity following the vertical profile of
the vesicle. The lack of the out-of-plane rotational dynamics of the tube
may indicate a possible weak pinning effect and a preferential interac-
tion of the HNT tip on the bottom glass wall, which is only ~ 10 nm (see
section 3.2) from the HNT tip. This stand-up position observed in the
absence of membrane wrapping is very different from the ones recently
reported for large particles partially or fully wrapped by GUVs [28]. The
different tip shape and the lack of membrane partial or full wrapping can
be invoked to explain our results.

5. Conclusions

In this article, we investigated the interactions between halloysite
nanotubes and lipid membranes using giant unilamellar vesicles and
small unilamellar vesicles as biomimetic cell systems. The adhesion
between HNTs and lipid vesicles can be controlled by screening the
electric double layer repulsion by adding NaCl and by modulating the
membrane potential through the addition of a cationic lipid in the
composition. When the vesicle size is much larger than the HNT length,
the nanotubes preferentially orient in a standing upright position rather
than lying flat on the solid substrate. In this configuration, the interac-
tion between the HNT and the membrane occurs on the nanotube tip.
Optical tweezers experiment further reveal the irreversible nature of the
HNT-GUV adhesion, characterized by a tip adhesion mechanism.
Finally, for vesicles smaller than the HNTs, cryo-TEM images confirm
the nanotube tip adhesion on the lipid bilayers. These findings demon-
strate that HNT-membrane tip adhesion occurs in very different ge-
ometries and can be controlled by electrostatic interactions. Beyond
providing fundamental insights into the behavior of HNTs in biological
environments, this study contributes to the broader understanding of
nanotube membrane dynamics, which is essential for the safe and

effective development of nanomaterials in biomedical and environ-
mental applications.

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.jcis.2026.140013.
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