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Geometric shape and topology of constituent particles can alter
many colloidal properties such as Brownian motion, self-assembly,
and phase behavior. Thus far, only single-component building blocks
of colloids with connected surfaces have been studied, although
topological colloids, with constituent particles shaped as freestand-
ing knots and handlebodies of different genus, have been recently
introduced. Here we develop a topological class of colloids shaped as
multicomponent links. Using two-photon photopolymerization, we
fabricate colloidal microparticle analogs of the classic examples of
links studied in the field of topology, the Hopf and Solomon links,
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their surfaces. Of several observed nn

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1500998112/-/DCSupplemental/pnas.1500998112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1500998112/-/DCSupplemental/pnas.1500998112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1500998112/-/DCSupplemental/pnas.1500998112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1500998112/-/DCSupplemental/pnas.1500998112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1500998112/-/DCSupplemental/pnas.1500998112.sapp.pdf
www.pnas.org/cgi/doi/10.1073/pnas.1500998112


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1500998112/-/DCSupplemental/pnas.1500998112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1500998112/-/DCSupplemental/pnas.1500998112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1500998112/-/DCSupplemental/pnas.1500998112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1500998112/-/DCSupplemental/pnas.1500998112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1500998112/-/DCSupplemental/pnas.1500998112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1500998112/-/DCSupplemental/pnas.1500998112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1500998112/-/DCSupplemental/pnas.1500998112.sapp.pdf


higher-order links of knotted loops of solid colloidal particles in
LCs, so we present only the simplest examples of observed col-
loidal and director structures due to Solomon links (Fig. 8 and SI
Appendix, Fig. S4).
Inseparability of the linked particle components considerably

enriches their physical behavior. Unlike in conventional colloids,
many-body interactions can exist among the linked components
belonging to the same composite particle, constrained by the
physical linking, or to different multicomponent particles. LC
elasticity-mediated interactions between the linked rings of the
same particle and the surrounding LC matrix are different from
what one would expect for two unlinked rings with similar in-
duced defects. For example, unlinking of the rings shown in Fig.
2, with four induced boojums per each ring, is expected to result
in quadrupolar interactions and self-assembly similar to what we
studied previously (19, 20), very different from the equilibrium
and metastable mutual arrangements of component rings of the
linked pair (Figs. 2 and 3). Unlike the unlinked colloidal rings
with perpendicular boundary conditions, which can exhibit both
ring-like and point defects (19), their linked counterparts have
not been observed to induce point singularities. Unlinked loops
of half-integer defect lines (Fig. 9) can be topologically equiva-
lent to point defects of hedgehog charge ±1, and additional self-
compensating ±1 point defect pairs can be always introduced

without violating topological charge conservation (19). However,
the free energy minimization of elastic distortions induced by
complex-shaped particles with the topology of links yields free
energy minima for field configurations with linear defect loops
(some of which are linked with each other and with the par-
ticles). Sharing or linking of defect loops induced by the linked
rings provides an additional interaction mechanism due to the
defect line tension (Fig. 4), which is of the order of 50–70 pN for
singular half-integer defect lines (26, 30). Defect-entangled col-
loidal configurations, like the one shown in Fig. 4, can have the
colloidal component rings touching each other or (most com-
monly) not, depending on the competition of the defect line
tension and repulsive elastic forces due to strong director dis-
tortions when two such rings approach each other. When the
component rings touch, the colloid undergoes Brownian motion
as an effective genus g = 2 handlebody, with surface topology
distinct from that of two separate rings. Beyond LC colloids,
linking can alter interactions between colloidal components when,
for example, interactions originate from electrostatic or depletion
forces, opening a new avenue for designing complex colloidal self-
assembly architectures and functionality. On the other hand, our
system with elastic closed loops of defect lines may provide an
experimental platform for testing predictions of mathematical
models for minimum ropelength of linked and knotted topological
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terminate on another one, binding both components. In this way,
valence-like interactions (33) between the components of the col-
loidal building blocks could emerge. Experimental study of
implications of linking of particles and defect loops in terms of the
topology-dictated appearance of additional defects could also al-
low for new means of probing symmetry of LC phases, e.g., dis-
tinguishing between uniaxial and biaxial nematics (34), as well as
expand the diversity of soft matter systems generating topologically
nontrivial configurations (3, 7, 8, 19, 35–37). Other needed future
explorations include stability analysis and study of structural phase
diagrams, as well as how cell confinement, kinetic processes, chi-
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a 170-μm-thick coverslip, spaced by 50-μm-thick Mylar strips. As the beam
focus was translated through the monomeric fluid, we always began poly-
merization at the substrate-fluid interface to effectively anchor the structure
while it is being drawn. Arrays of particles were then detached from sub-
strates by gentle sonication and dispersed into LCs. As-manufactured par-
ticles impose tangential boundary conditions for n(r), but some of them
were treated with DMOAP for perpendicular ones (8).

Optical Imaging and Laser Manipulation. Director structures are studied using
a combination of conventional polarizing optical microscopy and a 3D non-
linear imaging technique dubbed “three-photon excitation fluorescence
polarizing microscopy” (3PEF-PM) (25), which is based on fluorescence of LC
molecules excited through three-photon absorption of femtosecond infrared

laser light. The 3PEF-PM fluorescence intensity exhibits a strong well-defined
dependence (25) on the orientation of linear polarization of the excitation
beam relative to n(r). 3PEF-PM images, comprised of 3D stacks of optical slices,
such as the ones shown in the SI Appendix, Figs. S12 and S13 andMovies S3–S5,
reveal orientations and relative positions of linked rings as well as the corre-
sponding locations and configurations of topological defects accompanying
them. Close analysis of 3PEF-PM stacks reveals dependence of 3D n(r)-structures
on boundary conditions and topology of colloids. Optical videomicroscopy and
holographic laser tweezers (25) probe elastic interactions between the linked
rings. Additionally, high-power beams of laser tweezers allow for locally
meltin8 (d)]TJ
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