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Asymmetry-driven irregular topological defects
and hydrodynamic cavitation of tadpole particles
in nematic liquid crystals

Xiaowei Wang,†a Teagan Hamlett,†b Sid Hashemi,a Joseph E. Doebler,b Tasha Joy,a

Giordano Tierra, c Ying Bao*b and Xiao Li *a

Topological defects (TDs) arise from the disruption of orientations that span multiple length scales, from

nanometers in biological systems to miles in cosmic systems, often resulting from energy minimization

leading to symmetric morphologies. Symmetry breaking is a challenge in creating new types of

topological defects to understand self-assembly mechanisms when driving the system away from the

equilibrium state. Nematic liquid crystals (LCs) provide an ideal system to create, annulate, and directly

visualize TDs. We use asymmetric particles, named tadpole-shaped particles, which have sphere-shaped

heads and long tails, to explore new symmetry-breaking defect morphologies when dispersing these

tadpole particles into nematic liquid crystals. Experimental observations and numerical simulations

demonstrated that the micrometer-sized SiO2 tails exhibit exceptional flexibility, distorting the

surrounding LC field into butterfly-shaped defects. As these particles moved through the LC medium

under capillary forces, dynamic interfacial fluctuations between the air and LC phases facilitated the

formation of metastable cavities. This novel system enabled cavity generation and revealed a unique

formation mechanism driven by hydrodynamic cavitation, where a balance between capillary, elastic,

and viscous forces led to cavity contraction and equilibrium restoration. Beyond advancing fundamental

understanding, these findings open new avenues for designing microactuators, soft robotics, and

adaptive materials, transforming the role of active particles in LC systems.

Introduction

Topological defects, perceived as disruptions in uniform fields,

have attracted extensive interest across condensed matter

physics,1 cosmology,2 and biological systems.3 In soft con-

densed matter, topological defects influence phase transitions

and material properties,4 such as affecting viscoelasticity in

biological polymers and proteins,5 exhibiting skyrmions with

unique vortex structures in superfluid ferromagnetic spinor

condensate,6 and enabling autonomous motion in active

materials.7 Liquid crystals (LCs), due to their molecular aniso-

tropy and intermediate fluid–solid characteristics, provide an

ideal environment to investigate defect formation and

evolution.8–12 In particular, by introducing colloidal particles

into nematic LCs that only have orientational order, topological

defects can be generated and further controlled through the

boundary conditions imposed by the particle surfaces on the

LC director fields.13–16 Spherical microparticles with home-

otropic anchoring form dipolar configurations with hyperbolic

hedgehog defects, whereas planar anchoring creates quadru-

polar Saturn-ring defects.17–19 These defect complexes behave

analogously to electrostatic monopoles, dipoles, or quadru-

poles, driving elastic interactions to facilitate colloidal self-

assembly.20,21 Defect morphology is also highly dependent

on particle geometry: spherical particles produce Saturn rings

or boojum-type defects,22 rods induce disclinations and

dislocations,17,23 and ellipsoids yield dipolar and quadrupolar

defects. Furthermore, breaking the particle’s symmetry leads to

more complex distortions and induces a multitude of possible

defect configurations in the surrounding liquid crystal. The

Janus particle surface has two distinct physical properties that

can generate an asymmetric LC director field, which induces a

controllable propulsion behavior, with the velocity strongly

influenced by electric polarizability.24 A recent study has shown

that even slight anisotropy in particle shape can lead to

defect polymorphism, where either point or ring defects may

nucleate at different locations on the particle depending on its
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orientation and interactions, in contrast to the unique defect

type imposed by a symmetric particle.25 Diverse defect

morphologies and rich behaviors suggest that particle asym-

metry provides a new approach to tune topological defect

arrangements in LCs.

Inspired by motile microorganisms in nature, bacteria and

spermatozoa possess an asymmetric head–tail geometry to

interact with their surrounding environments, which is crucial

for propulsion in fluids by breaking temporal symmetries of

motion.26 Such self-propelled mechanism of microorganisms

results in complex, time-dependent defect configurations that

are typically not replicated by passive particles.27–29 Therefore,

synthetic particles with integrated asymmetric geometry and

composition are developed to mimic the biological active

particles and are expected to outperform microorganisms in

more complex or harsh environments. For example, snowman-

shaped particles show defect polymorphism, leading to the

formation of various defects influenced by the asymmetry of

particle shape, thus affecting their electrophoretic behavior

under an electric field.25 More importantly, the resulting asym-

metric director field and the subsequent self-propulsion or

externally stimulated propulsion behavior also attract a lot of

research interest due to the controllable motion of particles.

The propulsion velocity of Janus particles is closely linked to

their electric polarizability.24 On the other hand, the dynamic

flows usually considered in such biological systems play a

crucial role in various physiological processes and can enable

vapor nucleation in liquids. This hydrodynamic cavitation

forms transient cavities or vapor bubbles in the liquid when

the local pressure drops below the vapor pressure. It has been

well-studied in conventional (isotropic) liquids and is known

for its role in processes of biomedical ultrasound.30–33

However, cavitation in anisotropic liquids is rarely explored

due to the complexity of ordered fluids. Recently, a micropillar

was created at the center of a microfluidic channel of nematic

LCs to induce negative pressure by changing the flow rate,

thereby forming a cavity behind the micropillar.34 To date, the

study of cavitation in anisotropic liquids, especially in liquid

crystals, is limited and still mainly focuses on phase transitions

under negative pressure.35

In this work, by leveraging the unique defect structures and

motion behaviors that arise from asymmetry, we aim to explore

the influence of asymmetry-driven morphology on the for-

mation of topological defects in nematic LCs using the synthe-

sized tadpole-shaped nanoparticles. Relying on the synthetic

gold nanoparticles (GNPs) coated with silica shells with Janus

tadpole-like structures (JT-GNPs), the silica tadpole tail length

can grow to micro size on gold cores with various diameters.

By mixing the JT-GNPs with nematic LCs, we investigated how

the asymmetric properties of JT-GNPs can affect the formation

of irregular defect morphologies, such as butterfly-like defects

in this system. The effect of different boundary anchoring

conditions on these defect morphologies is systematically

analyzed using planar, weak, and strong homeotropic anchor-

ing. In particular, the flexibility of the long SiO2 tail is examined

for the first time to understand its contribution to

hydrodynamic cavitation and cavity formation. Furthermore,

the interplay between hydrodynamic fluids and dynamic defect

behavior on the cavity formation mechanism is revealed, and

how the cavity size is affected by the JT-GNP characteristics,

such as size and travel distance through the LC medium, is

further explored. The simulation is also performed to study the

director field deformation surrounding JT-GNPs associated

with the proximity of the JT-GNPs to the cavities. These findings

offer valuable insights into potential applications, such as

tuning defect structures for microactuators, soft robotics, and

adaptive materials, by precisely controlling particle-induced

distortions.36

Results
Janus tadpole morphology particles to create irregular shaped

topological defects in nematic LCs

GNPs coated with silica nanoshells with Janus tadpole mor-

phology, named JT-GNPs, were synthesized by modifying the

ligand ratio and system pH. The schematic in Fig. 1a illustrates

the process of fabricating JT-GNPs and detailed synthesis

information is provided in the SI. To reveal the effect of the

asymmetric geometry of JT-GNPs on the topological defect

morphology of LCs, the 5CB LC was mixed with JT-GNPs as

shown in Fig. 1b. LC cells were created with different boundary

conditions. The top glass surface of the cell was cleaned with

Piranha solution and modified with octadecyl–trichlorosilane

(OTS) to provide strong homeotropic anchoring. The bottom

substrate anchoring orientation and strength toward LCs were

varied as follows: a Piranha-cleaned Si surface to provide planar

anchoring, and a self-assembled monolayer of hydroxyl-

terminated poly(6-(4-methoxy azobenzene-40-oxy)hexyl metha-

crylate) (PMMAZO) to provide tunable homeotropic anchoring

by varying the grafting density of the brush layer (a PMMAZO

example is shown in Fig. 1c). According to our previous work,37

the brush layers were formed by coating PMMAZO with two

different thicknesses onto a cleaned Si wafer and annealing at

250 1C for 5 mins. The resulting grafting density of the

PMMAZO brush was controlled to be B0.02 chain per nm2

andB0.06 chain per nm2, depending on the film thickness, to

induce perpendicular and tilted orientations of the affiliated

LCs, respectively. The LC cell was fabricated following the

process in Fig. 1c: the OTS-modified glass as top plates and

PMMAZO-coated Si substrate as the bottom were assembled

face-to-face with a plastic spacer to control cell thickness. LCs

and JT-GNPs were uniformly mixed as a solution (Fig. 1d) and

injected into this hybrid LC cell through capillary action. As

shown in Fig. 1d, the fluorescence optical image indicated that

by dispersing JT-GNPs in a viscous solution (clear nail polish

solution) similar to LCs, the long tail could fully extend in the

viscous solution, and particles could be characterized as indi-

vidual particles without entanglement of long tails. This was

crucial for subsequent characterization of the LC cell to isolate

particles for defect structure analysis. The surface anchoring of

JT-GNPs was considered planar due to the characteristics of the
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coated SiO2. The director field of the LC and JT-GNP mixture

was characterized using polarized light microscopy and ana-

lyzed based on the observation of the birefringence pheno-

menon. As shown in Fig. 1e, the STEM image of the test JT-

GNPs showed that the gold sphere head was 70 nm in diameter

and the SiO2 tail was around 700–800 nm. An irregular ‘butter-

fly’ morphological defect was generated by JT-GNPs. The ortho-

gonal polarized image indicated a �1 defect formed from the

sphere-shaped head of the JT-GNPs; the branched schlieren

line defect connected toward the narrowed cavity, which was

induced by the long SiO2 tail fluctuation in LCs. By using a first-

order retardation plate (l = 530 nm) to convert the director

orientations with color differences, the two butterfly wings

appeared magenta and blue, corresponding to the director

being parallel or perpendicular to either the polarizers or the

slow axis of the retardation plate.

Topological defect morphology changes with the confined

boundary anchoring conditions

To investigate the influence of nanoparticle morphology on the

orientation of LCs and subsequent air cavity formation, two

types of GNPs with the same core size but different tail lengths

were used, as shown in Fig. 2(b and c). These nanoparticles

were chosen with a core diameter of 110 nm; one variant exhibited

tail lengths ranging from 1000 to 1500 nm, whereas the other

variant had shorter tails ranging between 400 and 700 nm.

By maintaining a consistent core diameter and altering only the

tail length, our study meticulously isolated the effect of tail

dimension variations on the director field configurations of LCs.

Further dimensions of our study involved the exploration of

different surface anchoring conditions: planar, weak homeotropic,

and strong homeotropic surface anchoring. The modulation

between weak and strong homeotropic conditions was achieved

Fig. 1 Synthesis and characterization of the Au–SiO2 Janus tadpoles (JT-GNPs). (a) Schematic illustration of the formation of the JT-GNPs.

(b) Schematic illustration of the preparation process for the 5CB and JT-GNP solution. (c) Diagram depicting the assembly of LC cells with PMMAZO

surface anchoring conditions. (d) Fluorescence microscopy image of FITC-conjugated JT-GNPs. (e) STEM image of JT-GNPs (left); polarized Optical

Microscopy (POM) image of the JT-GNP/5CB solution (middle); retardation image using a 530 nm wavelength filter (right).
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by adjusting the concentrations of PMMAZO. All samples dis-

played cavities despite the different morphologies. In the

homotropic-planar cell, for both JT-GNP-110-1000/1500 nm and

JT-GNP-110-400/700 nm GNPs, the small dark nucleus surrounded

by a faint concentric ring on the left was a JT-GNP. On the right,

the dark circle represented a cavity generated by the JT-GNP. The

JT-GNP, with its distinctive elongated tail, created a directional

impact that manifested as a dark streak extending from the

nanoparticle towards the cavity. This dark streak represented a

linear defect where the LC molecules exhibited discontinuous

alignment. From both the top and the bottom of the JT-GNP,

two additional defect lines converged towards the cavity. These

dark lines suggested the presence of topological defects, which are

common in LCs subjected to constrained geometries or varying

boundary conditions. The JT-GNP with a 110 nm diameter core

and a 1000–1500 nm tail exhibited a wider disclination line defect

compared to the JT-GNP with a 110 nm diameter core and a 400–

700 nm tail. The longer tail likely induced a more significant

perturbation in the surroundingmedium, affecting the LC director

field. Under planar–homeotropic conditions, the particle swam

further from the cavity compared to the homeotropic–homeotropic

case, due to reduced surface roughness and minimal entangle-

ment with the bare SiO2 surface. This allowed the particle to create

a cavity and still travel a certain distance from it. Under planar-

strong homeotropic conditions, the JT-GNP swam further from the

cavity due to reduced surface roughness and minimal entangle-

ment with the SiO2 surface, leading to greater perturbation in the

surrounding LC director field. Under strong–weak homeotropic

boundary conditions in Fig. 2b(ii), a butterfly-like defect formed

around the cavity for both sizes of GNPs. Two wing-like regions

with different colors were observed above and below the cavity,

indicating different LC molecular alignments. The JT-GNP was

observed to be positioned very close to the cavity, and the +1

defect was located at the position of the JT-GNP, with two

disclination lines extending from the +1 defect core, forming a

wing-shaped defect around the cavity. Unlike the strong home-

otropic–planar cell, the distance between the JT-GNP and the

cavity was very small.

This was similar to what happened in the strong homeo-

tropic–strong homeotropic cell configuration (Fig. 2a(iii)), where

the JT-GNP and the cavity were almost in contact, initially

generating a butterfly defect and cavity due to the strong

Fig. 2 Surface morphology of JT-GNPs under different surface anchoring conditions. (a) Schematic representation of LC cell configurations: planar

anchoring substrate, PMMAZO-induced weak homeotropic anchoring substrate, and PMMAZO-induced strong homeotropic anchoring substrate (from

left to right). In all configurations, the top surfaces exhibit strong homeotropic anchoring. (b) JT-GNPs with a core diameter of 110 nm and a tail length

ranging from 1000 to 1500 nm. (i)–(iii) represent JT-GNPs under various LC cell configurations as outlined in (a). (c) JT-GNPs with a core diameter of

110 nm and a tail length ranging from 400 to 700 nm under two different cell configurations (i) and (ii).

Paper Materials Advances

O
p
en

 A
cc

es
s 

A
rt

ic
le

. 
P

u
b
li

sh
ed

 o
n
 2

2
 A

u
g
u
st

 2
0
2
5
. 
D

o
w

n
lo

ad
ed

 o
n
 9

/1
1
/2

0
2
5
 9

:2
5
:4

9
 P

M
. 

 T
h
is

 a
rt

ic
le

 i
s 

li
ce

n
se

d
 u

n
d
er

 a
 C

re
at

iv
e 

C
o
m

m
o
n
s 

A
tt

ri
b
u
ti

o
n
-N

o
n
C

o
m

m
er

ci
al

 3
.0

 U
n
p
o
rt

ed
 L

ic
en

ce
.

View Article Online



© 2025 The Author(s). Published by the Royal Society of Chemistry Mater. Adv.

capillary force directing the particle’s movement. However, as

the strong homeotropic anchoring dominated, all LC molecules

aligned perpendicularly to the surfaces, erasing the defect

features. Despite this, the air–LC interface surrounding the

cavity retained a bright circular appearance. Since both the top

glass and Si substrate had strong homeotropic surface anchoring,

5CB molecules aligned perpendicularly to the surface under

boundary constraints, and the observed defect feature (Video

S1) vanished rapidly as the capillary flow stopped and the

boundary condition dominated the anchoring. Due to the exis-

tence of the tail and its fluctuation when the mixed solution

flowed into the cell, each JT-GNP still generated a cavity. Varia-

tions in tail length induced different perturbations in the sur-

rounding regions, leading to local density changes, which in turn

triggered the nucleation of cavities. From experiment, variations

in cavity size were consistently observed for particles with differ-

ent tail lengths under various anchoring conditions. For instance,

in the case of a 110 nm diameter core with a tail length of either

1000–1500 nm or 400–700 nm, the longer tail (1000–1500 nm)

formed larger cavities in both the strong homeotropic–planar and

strong–weak homeotropic cell configurations. Furthermore, for

the longer tails (1000–1500 nm), with the surface anchoring

strength transitioned from planar to weak homeotropic, the cavity

size increased with average sizes of approximately 45 mm and

55 mm. In contrast, shorter tails (400–700 nm) showed relatively

smaller cavity sizes with average sizes consistently ranging from

approximately 40 mm to 50 mm, also showing dependence on the

anchoring conditions. However, this effect did not occur for

spherical particles, as shown in Fig. S1, where no cavity was

formed. This suggested that the shorter tail had a minimal effect

on cavity formation, whereas spherical particles did not form

cavities due to the absence of asymmetrical tails.

Moreover, a bright circle was visible around each cavity in

Fig. 2. The cavity acted as an isotropic cavity within the nematic

host. Due to the homeotropic boundary condition at the cavity–LC

interface, the 5CB molecules around the cavity were forced to

reorient in a radial manner, generating a spherically symmetric

configuration around the cavity. This radial alignment around the

cavity introduced elastic distortion to the surrounding LC due to

the deviation of the director field from the far-field uniform

homeotropic state. The bright circle observed around the air

cavity under crossed polarizers could be attributed to the aniso-

tropic refractive index distribution generated by the deformation

of the nematic director field. Under crossed polarizers, the

birefringence of the 5CB caused an optical path difference, which

produced interference patterns that appeared as bright regions.

The bright circle around the cavity represented the spatial varia-

tion of the birefringence caused by the radial orientation of the LC

molecules, which created areas of different optical retardation

when the polarized light passed through regions with different

director orientations.

Hydrodynamic cavitation induced by flexible SiO2 tail

fluctuation in anisotropic media

The dynamic interaction between JT-GNP and 5CB provided

important insights into the mechanisms governing cavity

formation and particle behavior in fluids when the JT-GNP

and 5CB mixed solution was injected into a cell with a strong–

weak homeotropic anchoring configuration. To ensure uniform

injection, the solution was slowly administered at a rate of

approximately 0.15 mL per second. After injection, the solution

dispersed in all directions due to capillary forces between the

glass and the Si substrate, as illustrated in Fig. 3a and b. We

chose to focus our study on the middle region of the cell to

ensure the homogeneity of the cavities without distortion due

to side effects such as directional variation or edge effects of the

cell. As shown in Fig. 3b, the lines formed by the cavities

intersected and were unevenly distributed when close to the

cell edge. In Fig. S2, the cavities formed near the cell edge were

distorted, exhibiting random sizes and shapes, likely due to

inconsistencies in the initial injection force, such as variations

in injection velocity and uneven flow dynamics near the cell

boundaries, which caused disruptions in multiple directions.

Additionally, the proximity to the edge resulted in altered

capillary forces, contributing to irregular cavity shapes

and sizes.

As the JT-GNP and LCs mixed solution moved forward under

the action of capillary force, multiple concave pits were gener-

ated at the solution–air interface. In each concave pit, it was

speculated that one JT-GNP became trapped with no visible

cavity at the beginning, as shown in Fig. 3d at 0 seconds. At this

moment, the fluctuation from the JT-GNP’s long tail began to

disturb the local LC director field and further split the solution

at the front air interface at 0.5 seconds. By 0.7 seconds of

forward flow, the separated solution reunited and enclosed the

air to form a cavity. Whenever JT-GNPs appeared at the pits, the

solution split, recombined, and enclosed the air again at the

front solution–air interface. Following the capillary force direc-

tion, the JT-GNPs aligned along with the injection direction,

and due to the deformation of the LC director field around the

tail, a color difference was generated along the concave edges.

The deformation of the LC continued to grow, and the surround-

ing molecules underwent significant reorientation to accommo-

date the growing cavity. The cavity became larger andmore sharply

defined, with a distinct black boundary between the encapsulated

air and the surrounding LCs. The 5CB molecules experienced

different alignments due to the localized stress and flow dynamics

induced by the movement of the JT-GNP. The realignment of LCs

surrounding the cavity formed a stable structure in which the

cavity maintained its shape and was characterized by the absence

of LCs in that region. Video S2 provides a more detailed cavity

formation process. This formation of cavities in anisotropic liquids

has only been demonstrated in microfluidic systems, where a

sudden pressure drop occurred when LC flow passed a cylindrical

obstacle within a microchannel, creating a cavity domain behind

the obstacle.34 In this study, the JT-GNP caused significant pertur-

bations in the nematic 5CB, leading to a local sudden drop in

pressure as the particle moved forward, which in turn resulted in

cavity nucleation.

As the JT-GNP moved away from the injection area, the

cavities formed behind the particles became smaller. Fig. 3e

illustrates the distinct pattern formed by the movement of
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JT-GNP in the LC solution. As the nanoparticles moved, they left

behind a trail of cavities that were aligned into a defined linear

pattern. The cavities were larger and more widely spaced when

the distance traveled from the initial injection area was shorter,

but the cavity size decreased as the particles moved further

along their path. As shown in Fig. 3(f and g), the diameters of

the cavities were measured for each row, indicating that the

cavity size decreased with distance from the initial injection

area. Additionally, the distance between each cavity decreased

as the nanoparticles moved forward. This trend suggested that

the conditions for cavity formation changed dynamically dur-

ing the movement of JT-GNPs, which could be attributed to the

reduction of capillary forces along the JT-GNP path. Initially,

injection and capillary forces drove the solution flow and were

sufficient to maintain the formation of large cavities. As the

nanoparticles continued to move, these forces gradually decreased,

making it more difficult to maintain large cavities. Consequently,

smaller cavities were formed with less spacing between them,

reflecting the reduction in capillary force, which led to changes

in flow velocity and ultimately resulted in smaller cavities and a

decrease in the distance between cavities.

Local cavitation domain shrinks according to Ericksen

number

Fig. 4 shows a series of micrographs that capture the evolution

of a cavity behind a JT-GNP suspended in LCs within a strong-

weak homeotropic anchoring cell configuration. Fig. 4(a–c)

depict the state of the cavity immediately after injection and

after 3 and 6 hours, respectively, as well as the corresponding

retardation images at 530 nm. The sequence revealed that over

time, the cavity gradually decreased in size until it was filled

with the LCs again. Due to the balance between elastic forces

and the reduction of viscous stress after the flow stabilized,

the LC gradually filled the cavity. The contraction of the cavity

indicated that the pressure behind the particle was recovering,

the elastic forces became dominant, promoting equilibrium,

and minimizing the interfacial area. By 6 hours (Fig. 4c),

the cavity had been filled with LCs. Fig. 4d and e further

illustrated the evolution of the cavities over a large area,

providing a broader perspective on the dynamic process of

cavity formation and disappearance, highlighting the uni-

formity achieved in the LC environment as the cavities were

filled over time.

Fig. 3 Formation and migration trajectories of cavities induced by JT-GNPs. (a) Schematic representation of the flow direction during the initial injection

process. (b) Observation of solution flow diverging in various directions, with the central region exhibiting more uniform cavity formation. (c) Formation of

cavities as the solution flows from right to left. (d) Detailed view of cavity formation dynamics. (e) Morphology of cavities post-injection. (f) Relationship

between cavity diameter and the distance traveled by each formed cavity. (g) Correlation between average cavity diameter and the distance traveled by

the cavities.
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Discussion

The flexibility of the thin silica tail has been evaluated through

fluorescein isothiocyanate (FITC) molecules, which were encap-

sulated within the silica shell to provide enhanced and sus-

tained fluorescence.38,39 To observe individual particles,

JT-GNPs with a 300 nm GNP core and B1500 nm tail were

used (a representative STEM image is shown in Fig. S3). To

synthesize the FITC-conjugated silica shell, an (3-amino-

propyl)trimethoxysilane (APTMS)-modified silica shell was first

synthesized, rendering NH2 groups on the surface of the silica

shell. With NH2 groups, the FITC conjugated with APTMS via a

thiourea bond, and the silica shell was linked with FITC.40

Clear nail polish solution was added to the FITC-conjugated

JT-GNPs to increase viscosity and thus slow down the Brownian

motion of the particles. Fig. 5a shows the fluorescent image of

FITC-conjugated JT-GNPs. The red color is from the GNP core,

and the green color is the fluorescence from the FITC-

conjugated silica tail. It can be clearly observed that there

are individual JT-GNPs as well as aggregated ones. To observe

the movement, a short video was recorded, which can be seen

in Video S3. Time series of three representative individual

JT-GNPs (indicated by the yellow dashed box in Fig. 5a) are

shown in Fig. 5b, illustrating the movement of silica tails.

Instead of a rigid tail, the silica exhibits dynamic bending

motions, as shown in Fig. 5b: at 0 s (tail straightened), at

1.5 s and 3 s (tail visibly bent), and at 4.5 s (tail returns to an

extended, straight configuration). The silica tail appeared very

soft and flexible and underwent free movement in the solution.

It has been proven in previous work that the silica shell at the

nanoscale is flexible and has much better mechanical proper-

ties, which agrees with our findings.41–43 For example, in our

previous study, a 20 nm thick silica shell covering a gold

nanostructure was pushed outward during silver deposition

without breaking, confirming that the silica shell has certain

flexibility, consistent with our current results.44 The softness

and flexibility of the thin SiO2 enabled the JT-GNP tail to

fluctuate in the surrounding LC medium, thus creating cavities

during particle movement. Our future work aims to investigate

the degree of silica tail flexibility in greater detail, particularly

its correlation with cavity formation during particle movement

as a result of tail fluctuation.

To reveal the director field deformation surrounding the

JT-GNP and its associated cavity, simulations were performed

Fig. 4 Evolution of cavity shrinkage over time. (a) Cavity immediately post-injection; (b) progressive cavity shrinkage observed after 3 hours; (c) further

reduction in cavity size after 6 hours with retardation observed using the UTP530 nm filter. (d) POM image illustrating the overall cavity distribution within

the solution shortly after injection. (e) Complete disappearance of cavities observed after 6 hours.
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using the strong–strong homeotropic anchoring configuration

as an example (Fig. 6a–c). The symmetric boundary anchoring

at both the top and bottom surfaces in the simulation provided

an equal view of the distorted director field, regardless of

whether it was viewed from the top-down or from the side. In

experiments, the polarized images were taken from a top-down

view, while in the simulation of the 2D setup cell, the resulting

director field images were taken from a side view. Three

different initial conditions were set: the JT-GNP was positioned

far away from, at a medium distance from, and close to the

cavity, to analyze the interaction and morphology between the

JT-GNP and the cavity in the LC medium.

When the JT-GNP was positioned very close to the cavity, the

intensified interaction between the JT-GNP head and the cavity

resulted in a clear dipolar defect structure. The homeotropic

anchoring of the air–cavity interface competed with the planar

anchoring of the JT-GNP head surface, thereby creating visible

splay and bend deformations extending into the surrounding

nematic matrix. The competing elastic distortions imposed

by the differing anchoring conditions resulted in a localized

Fig. 6 Simulation results illustrating the deformed LC director field surrounding the JT-GNPs and its cavity. (a) JT-GNPs positioned near the cavity, (b)

JT-GNPs at an intermediate distance from the cavity, and (c) JT-GNPs positioned far from the cavity. The small white circular with the white line

represents the JT-GNPs and the large white circular represents the cavity formed by the JT-GNPs. (d)–(g) Schematic representation of the sequential

stages of cavity formation when the JT-GNPs move forward in LCs.

Fig. 5 Fluorescence based study on silica shell flexibility. (a) Fluorescence image of FITC conjugated JT-GNPs (300 nm core withB1500 nm tail). The

red is GNPs, green is the florescence from FITC conjugated with silica. Yellow dashed box indicates the individual TJ-GNPs. (b) Time series fluorescence

images of JT-GNPs indicated as the yellow dashed box in (a) showing the movement of the silica tail in solution. Inset white dashed lines on the top left

tadpole particle give an indication of possible tail behaviors at those times.
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region and disrupted the radial symmetry typically favored by

the homeotropic cavity. By moving the JT-GNP further away

from the cavity while still maintaining interaction, a dark defect

line extended toward the cavity to compromise the anchoring

difference between the planar-anchored particle surface and

the homeotropic-anchored cavity interface. The distorted defect

suggested that nematic elasticity mediated the interaction

between the JT-GNP and the cavity, redistributing elastic stres-

ses. This redistribution manifested as a bend toward the cavity,

signifying the onset of defect coupling. The interaction at this

distance showed that anchoring conditions on the JT-GNP

and the cavity began to influence each other, creating a non-

uniform director profile that connected the two structures.

In Fig. 6c, when the JT-GNP was positioned far from the cavity,

planar anchoring at the particle’s head and tail resulted in a

uniform director field, with nematic directors aligning parallel

to the particle’s surface. The visible dark defect line indicated a

disclination line formed due to the mismatch in director

alignment around the JT-GNP, independent of the cavity. At

this distance, no significant interaction occurred between the

JT-GNP and the cavity. The influence of the particle remained

localized, and the cavity-induced alignment perturbations

stayed distant, resulting in no coupling between the defect

structures. The uniform director field highlighted the local

effect of planar anchoring, with minimal distortion outside

the vicinity of the particle. This suggested that elastic deforma-

tion induced by the particle was not sufficient to interact

with the cavity at a distance, a situation not observed in the

experiment.

Capillary forces were essential in generating the hydro-

dynamic force that drove the LC–air interface forward. The

formation and stability of cavitation depended on the complex

interplay between hydrodynamic forces, anisotropic LC proper-

ties, and interfacial dynamics. In Fig. 6d, the JT-GNP moved in

the LC medium, and the particle tail caused local disturbances,

resulting in capillary force at the concave point. This force

created a potential energy well in which the particle was

trapped, resulting in air being encapsulated behind the JT-

GNP, forming an initial cavitation domain. Similar to the

inception of cavitation observed in anisotropic fluids,34 the

geometry of the JT-GNP tail split the wave of the LC, thereby

locally reducing the pressure, and air was drawn into the cavity.

The pressure drop was crucial for the formation of the cavity.

As the JT-GNP flowed further, the cavity formed and continued

to expand (Fig. 6e), driven by the persistent pressure drop and

the action of capillary forces. The reduction in local pressure

promoted the entry of air, and the capillary force helped

maintain this cavity by driving the LC–air interface forward to

form an air pocket. As the JT-GNP moved further, the formed

cavity reached a stable configuration (Fig. 6f). The stability of

the cavity resulted from a balance between the capillary forces

acting to hold the air pocket and the elastic forces of the LC

resisting further deformation. The LC molecules realigned to

accommodate the cavity, and the persistence of this cavitation

was supported by the balance between viscous and elastic

forces within LCs. This stability could be further understood

through the concept of the Ericksen number.34,45,46 When the

Ericksen number fell within a specific range,34 the coexistence

of viscous and elastic effects supported the cavity’s stability,

preventing it from collapsing or expanding uncontrollably. This

behavior was consistent with experimental observations in

anisotropic liquids (Fig. 3), where stable cavitation was

achieved under flow conditions that balanced these competing

forces. Finally, Fig. 6g depicted a second JT-GNP entering the

flow, which initiated new disturbances along the existing cavity.

This introduced a new pressure drop and deformation in the

LC, leading to the formation of another cavity behind the new

JT-GNP.

Although our study kept the spherical gold core at a fixed

B110 nm diameter, it is worthwhile considering how varying

the core size might impact the LC defect topology and cavita-

tion behavior. Generally, larger colloidal cores produce more

extensive director distortions in nematic LCs, while smaller

cores disturb the LC less.47 In our Janus tadpole context,

increasing the core diameter (with the same tail) would amplify

the particle’s overall elastic footprint and could make the

topological defect structure more closely resemble that of a

symmetric sphere (i.e., stronger distortions centered on the

sphere). Conversely, a much smaller core would accentuate the

relative influence of the flexible tail, potentially leading to

defect morphologies even more skewed or extended along the

tail’s axis. Nevertheless, the fundamental asymmetry-driven

phenomena reported here would persist. Hydrodynamic cavita-

tion remains governed by the presence of the flexible tail.

A larger core could, in fact, enhance cavitation propensity by

generating a larger low-pressure wake as the particle moves—

analogous to a bigger obstacle in flow—while a smaller core

might produce a weaker wake, making cavity nucleation more

difficult under otherwise identical conditions. Notably, a sym-

metric spherical particle alone did not produce any cavities

under our experimental conditions, underscoring the crucial

role of tail-induced asymmetry. Therefore, core size modulates

the magnitude and detail of the LC orientation field and

cavitation threshold, but the emergence of irregular defect

textures and air cavities remains intrinsically tied to the tadpo-

le’s asymmetry rather than the precise core diameter.47

Based on the same particle core size, the contrasting cavity

behavior between long and short JT-GNP tails arises from their

different impacts on the nematic director field and on flow-

induced cavitation. A long flexible silica tail imposes a more

extensive elastic distortion in the surrounding LC, especially

under homeotropic anchoring where the tail’s planar surface

alignment conflicts with the bulk director orientation. This

leads to higher elastic energy and more complex defect struc-

tures. For instance, the long tail can pull the particle’s defect

line outward into a branched ‘‘butterfly’’ shape that connects

toward the cavity. Such an extended tail also perturbs a larger

fluid volume as the particle moves, creating a pronounced low-

pressure wake. In anisotropic fluids, even slow (Stokes-regime)

flow past an object can produce a sudden pressure drop and

cavitation.34 Here, the long tail splits the LC flow and locally

lowers the pressure, allowing air to be drawn in and nucleating

Materials Advances Paper

O
p
en

 A
cc

es
s 

A
rt

ic
le

. 
P

u
b
li

sh
ed

 o
n
 2

2
 A

u
g
u
st

 2
0
2
5
. 
D

o
w

n
lo

ad
ed

 o
n
 9

/1
1
/2

0
2
5
 9

:2
5
:4

9
 P

M
. 

 T
h
is

 a
rt

ic
le

 i
s 

li
ce

n
se

d
 u

n
d
er

 a
 C

re
at

iv
e 

C
o
m

m
o
n
s 

A
tt

ri
b
u
ti

o
n
-N

o
n
C

o
m

m
er

ci
al

 3
.0

 U
n
p
o
rt

ed
 L

ic
en

ce
.

View Article Online



Mater. Adv. © 2025 The Author(s). Published by the Royal Society of Chemistry

a larger cavity. Under stronger homeotropic boundaries, the LC

resists reorientation more strongly, so the tail’s fluctuations

induce an even greater pressure dip and elastic stress, yielding

larger cavities as anchoring strength increases (e.g., cavity

diameters B45–55 mm). Once formed, these large cavities

expand until the capillary pressure pulling the LC–air interface

closed is balanced by the persistent tail-driven pressure drop and

the elastic forces of the distorted LC, reaching a stable cavity at

equilibrium. In contrast, a short, stubby tail perturbs only a

localized region of the nematic and cannot generate such broad

distortions or sustained flow effects. Shorter tails produce sharp

but very local density changes, nucleating only small to moderate

cavities (B40–50 mm). The limited length means the short tail

cannot store as much elastic energy or create an extended defect,

and its director-field distortion remains closer to that of a nearly

spherical colloid. Truly spherical particles (with no tail) produce

no cavities under identical conditions, underscoring that tail-

induced asymmetry is the key driver. Thus, the long tail’s greater

asymmetry and length lead to a larger elastic and hydrodynamic

disturbance – manifesting as elaborate ‘‘butterfly’’ defect wings in

the LC and a significant flow-induced pressure drop – which

together promote the formation of much larger cavities. Mean-

while, short-tailed JT-GNPs behave more like symmetric particles,

causing relatively smaller cavity changes and defect morphologies.

The unique defect morphologies and cavitation behavior of

our tadpole–nematic system open avenues for several applica-

tions. In actuators, the asymmetry-driven ‘‘butterfly’’ defects

could be harnessed to convert external stimuli into controlled

microscale motion or force. For example, periodic extension

and contraction of LC defects around an asymmetric particle

can propel a colloid or induce directed flows, as shown in

defect-propelled microswimmers.45 In adaptive materials, the

ability to tune defect structures and form transient cavities on

demand enables composites that dynamically alter their prop-

erties. By modulating the internal LC topology (for instance,

adjusting porosity or optical anisotropy via defect reconfigura-

tion), one can create soft matter systems that adapt to external

stimuli in real time. Furthermore, controlled cavity formation

and collapse could provide an ‘‘on-demand’’ mechanism for

drug delivery since cavitation can overcome transport barriers

in biological tissues.48 Notably, although liquid-crystalline

matrices are already studied as stimuli-responsive drug

carriers,36 the size of the tunable cavity in our system is several

orders of magnitude larger than the original particle core size,

providing the potential to store and release great amounts of

therapeutic cargo at target sites. Integrating these features,

future LC-based devices could serve as microactuators, adaptive

metamaterials, or smart delivery vehicles that capitalize on

defect engineering for advanced functionality.

Conclusion

In conclusion, based on synthetic Janus tadpole-shaped nano-

particles with gold cores and flexible silica tails of adjustable

lengths, we introduced controllable asymmetry into the

LC-particle system, which allowed for a nuanced study of the

resulting director field distortions and defect morphologies.

Experimental studies were performed in nematic 5CB LC

cells, prepared under different surface anchoring conditions,

to investigate the defect structures induced by the tadpole-

shaped particles. These conditions led to the emergence of

diverse defect morphologies, including distinct butterfly-like

configurations, influenced by both tail length and the surface

anchoring of the LC cell. Fluorescence microscopy studies were

conducted to evaluate the softness and flexibility of the silica

tails. Notably, this was the first time we developed a system

capable of generating cavities and studying a new mechanism

of cavity formation in anisotropic liquids, driven by hydrody-

namic cavitation induced by tail fluctuations during particle

movement. This mechanism involved localized perturbations

caused by the asymmetry of the flexible silica tail, which led to a

sudden pressure drop and the subsequent formation of cavities

in the surrounding nematic LC. Numerical simulations were

conducted to analyze the director field distortions around

the JT-GNPs, showing that the director field differed when the

JT-GNP was at different distances from the cavity. Overall, our

findings show that introducing tadpole-shaped particles into

nematic LCs enables the generation and control of irregular

topological defects. The geometric asymmetry and flexibility of

these particles offer insights into defect morphologies and

interactions, with potential applications in soft robotics, adap-

tive materials, and directed self-assembly.

Experimental
Chemical and materials

Tetrachloroauric acid trihydrate (HAuCl4�3H2O, Z99.9%),

2-propanol anhydrous, 4-mercaptophenylacetic acid (4-MPAA,

97%), poly(acrylic acid) (average Mw = 1800) (PAA18), and tetra-

ethyl orthosilicate (TEOS) (99.9%) were purchased from Sigma-

Aldrich. Sodium citrate dihydrate (99.0–101.0%) was purchased

from Fischer Scientific, ethanol was purchased from Pharmco,

ammonium hydroxide was purchased from Macron Fine

Chemicals. Nanopure water with a resistivity of 18 MO cm

was used in all experiments. All chemicals were used as

received without further purification. 5CB is purchased from

Grand Winton Inc. Octadecyl–trichlorosilane (OTS) was pur-

chased from Sigma-Aldrich. PMMAZO, poly(6-(4-methoxy-

azobenzene-40-oxy) hexyl methacrylate), was obtained using

the process reported by Stewart and Imrie.49 Fluorescein iso-

thiocyanate (FITC, 98.00%) was purchased from APExBIO.

(3-Aminopropyl) trimethoxysilane (APTMS, 97%) was pur-

chased from Sigma-Aldrich.

Solution preparation

Initially, 50 mL of 5CB was subjected to controlled heating to

reach its isotropic phase at 40 1C, effectively enhancing its

solubility. Following this, a precise mixture was created by

combining 35 mL of nanoparticles with the 5CB solution. The

resulting blend was then allowed to stand undisturbed for a
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duration of 72 hours, facilitating the gradual evaporation of

ethanol.

Surface modification

All silicon wafers and glass slides undergo a piranha treatment

by immersion in solution made up of a 3 : 1 ratio of sulfuric

acid and hydrogen peroxide for 1 hour held at 130 1C. The wafer

was followed by rinsing with deionized water (DI) water at least

three times to remove any residue. To produce the homeotropic

anchoring, glass slides are soaked in 13.8 mL OTS and 120 mL

Heptane solution for one hour followed by a dichloromethane

rinse performed twice and dried with nitrogen air. PMMAZO

treatment involved 0.05% PMMAZO in chlorobenzene spin

coated onto a silicon wafer. The wafer is then transferred into

a nitrogen chamber where it is baked for 5 min at 250 1C.

Cell construction

Silicon wafers and glass slides are cut and cleaned with nitro-

gen air. The Mylar thin film was used as a spacer to create a

uniform 1.5 mm gap for the LC solution. To create the Planar

cell, only the piranha treated silicon wafer and glass slide is

used. For the Hybrid cell, piranha treated silicon wafer is the

base and OTS treated glass is the top layer. The PMMAZO cell

was made up of the PMMAZO silicon wafer and an OTS treated

glass slide. All cells were held together with epoxy glue. Sonica-

tion forcefully disperses the particles, forming bubbles that

implode, releasing energy into the solution and mitigating

particle aggregation. The solution was then followed by sonica-

tion for 90 min. To better disperse the particles in 5CB, the

solution was heated to 40 1C and vortexed for 5 minutes and

repeated 3 times. The solution was again heated to 40 1C and

about 3.5 mL of solution was injected into the cell and was filled

by capillary effect.

Preparation of FITC conjugated JT-GNPs

JT-GNPs were first functionalized with APTMS which renders

NH2 groups on the silica surface. Typically, 2.5 mL of a JT-GNP

ethanol solution mixed with 0.5 mL of APTMS was stirred for

24 hours in an 80 1C oil bath and subsequently cooled to room

temperature until the reaction was complete. The JT-GNP

solution was then washed twice with ethanol and eventually

redispersed into 1 mL of nanopure water. The resulted APTMS

modified JT-GNPs were further characterized and confirmed by

measuring the zeta potential with a Malvern Panalytical Zeta-

sizer Ultra DLS (Fig. S4). To synthesize a FITC conjugated silica

shell, 1 mL of APTMS modified JT-GNP solution was mixed with

1 mg mL�1 solution of FITC to react overnight in a dark area.

The resulted solution was washed via centrifuging four times

using ethanol and the final precipitate was redispersed into

1 mL ethanol for further use.

Numerical methods

For the numerical experiments presented in the text we have

considered a Q-tensor formulation to represent the orientation

of the molecules.50 The dynamics of the molecules was

obtained by neglecting the hydrodynamics effects of the system

and minimizing the Landau–de Gennes free energy functional

(ELdG) using a gradient flow:

Qt þ g
dELdG

dQ

� �

¼ 0;

with g being a relaxation time parameter and
dELdG

dQ
denoting

the variational derivative of the free energy with respect to Q. In

particular we have considered the one-constant form of the free

energy:

ELdGðQÞ ¼

ð

O

1

2
rQj j2þ

1

eQ
CðQÞ

� �

dx; (1)

where 1
2|rQ|2 denotes the elastic energy density, C(Q) denotes

the bulk energy density and eQ 4 0 is a dimensionless para-

meter that balances both energetic contributions. The one

constant version of the original Landau–de Gennes elastic

energy has proved useful to represent the dynamics of the

molecules of nematic liquid crystals.49,51–53 In particular, the

bulk energy functional is denoted by a quartic polynomial in Q:

CðQÞ ¼
A

2
tr Q2
� �

�
B

3
tr Q3
� �

þ
C

4
tr Q2
� �2

(2)

Here B, C 4 0 are material-dependent bulk constants,

independent of the temperature, whereas the parameter A

depends linearly on temperature,54 that we assume is constant

in our simulations. In our case, we consider A = �0.2 and B =

C = 1.0.

The numerical simulations were performed using the ideas

presented in ref. 55, where several accurate and efficient

numerical schemes are proposed. In particular, we consider a

semi-implicit finite difference numerical scheme in time and a

conforming Finite Element discretization in space.

In all simulations, the considered domain is a rectangle

where a circular shape has been removed from the domain as

well as the shape of the tadpole (which has been represented by

the union of a rectangle and a circle). In our case, we consider

the same values of the parameters that have been considered in

other theoretical studies previously performed using this

model.49,52 The rectangular domain has size [0, 1.5] � [0, 0.5],

the bulk energy functional parameters are set to A = �0.2 and

B = C = 1.0, the relaxation time is set to g = 1 and the

dimensionless parameter is set to eQ = 0.01. Finally, the spatial

discretization parameter is set to Dx = 1/150, the temporal

discretization parameter is set to Dt = 10�5, and the final time

for the presented numerical results is T = 0.1.

The boundary conditions on the top and bottom boundary

of the rectangular domain were set to homeotropic by imposing

Dirichlet boundary conditions, while the lateral sides were

considered in such a way that the molecules were free to

arrange in any direction by imposing Neumann boundary

conditions. Moreover, by using Dirichlet boundary conditions

the configuration of the molecules in the big circle were set as

homeotropic and the molecules associated with the tadpole

shape were designed such that they were oriented parallel to its

boundary.
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Characterization techniques

All UV-vis spectra were obtained with the Agilent Cary 3500 UV-vis

Spectrophotometer. The scanning transmission electron micro-

scopy (STEM) images of silica coated gold particles were obtained

using a JEOL-7200F field emission SEM operated at 30 kV.

Images of CLC cells were obtained by polarization micro-

scopy (BX53 Olympus). Periods of striped pattern and the sizes

of fingerprint domains were measured by the image processing

program (ImageJ). PMMAZO film thicknesses were measured

by an alpha-SE ellipsometer. Contact angles of the modified

wafers were measured by a Dataphysics measuring device.

Compensator angles were measured by a U-CTB Berek com-

pensator (Olympus). The zeta potential of the APTMS modified

JT-GNPs was measured using a Malvern Panalytical Zetasizer

Ultra DLS.

The fluorescence images and videos were acquired with a

Leica Stellaris 8 laser-scanning fluorescent confocal micro-

scope. The JT-GNPs were located in a sandwich structure and

were constructed by two glass slides and the particles were

suspended in a clear nail polish solution. The TJ-GNPs were

excited with 495 nm and 587 nm of white light lasers (WLL),

and emission was detected using 500–581 nm and 592–750 nm

bandpass filters.
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