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Assembling anisotropic colloids using
curvature-mediated lipid sorting†

Manoj Kumar, *a Anupam Singh,a Benedetta Del Secco, b Maksim V. Baranov,c

Geert van den Bogaart,c Stefano Sacanna b and Shashi Thutupalli *ad

The use of colloid supported lipid bilayers (CSLBs) for assembling colloidal structures has been of recent

interest. Here, we use multi-component lipid bilayer membranes formed around anisotropic colloids and

show that the curvature anisotropy of the colloids drives a sorting of the lipids in the membrane along

the colloids. We then exploit this curvature-sensitive lipid sorting to create ‘‘shape-anisotropic patchy

colloids’’ – specifically, we use colloids with six rods sticking out of a central cubic core, ‘‘hexapods’’, for

this purpose and demonstrate that membrane patches self-assemble at the tip of each of the six

colloidal rods. The membrane patches are rendered sticky using biotinylated lipids in complement with a

biotin-binding streptavidin protein. Finally, using these ‘‘shape-anisotropic patchy colloids’’, we

demonstrate the directed assembly of colloidal links, paving the way for the creation of heterogeneous

and flexible colloidal structures.

Introduction

The self-assembly of mesoscopic structures from their constituent
sub-components is of both fundamental1–5 and applied interest.4–8

Over the years, there have been multiple approaches4,6,9–14 to
create assemblies using colloidal units (typical length scales of
B100 nm to few mm). In recent times, colloid supported lipid
bilayers (CSLBs)15 have been of interest for assembling micron
scale colloids—briefly, a lipid bilayer comprising DNA linked lipid
heads is coated around colloids which can then be linked to form
higher assemblies. While the bond between colloids is typically
achieved via the specific pairing of complementary DNA strands
tethered to the lipids, the molecular mobility within the lipid
membranes on the colloidal surface ensures that the assem-
blies remain flexible and dynamic, for example as colloidal
polymers.13,16–18 Thus far, while both isotropic15 and aniso-
tropic17,19 particles have been used for such lipid bilayer for-
mation, subsequent colloidal assemblies incorporating mixtures
of isotropic and anisotropic particles are limited and are usually

restricted to symmetries allowed by an underlying isotropic sub-
unit.15,20,21 In this work, we use anisotropic colloids which are
coated with heterogeneous lipid mixture membranes and use the
geometric anisotropy to guide the patterning of the lipids along
the colloidal surface. While similar curvature driven lipid sorting
has been studied on anisotropic colloids before,19 we use curvature
mediated lipid sorting to guide the formation of ‘‘sticky patches’’
for subsequent colloidal assembly. The sticky patches generated
on the colloids due to the curvature driven lipid sorting result in
‘‘shape-anisotropic patchy colloids’’ which can then be used to
form higher order branched colloidal assemblies (Fig. 1). Synthe-
sizing suitably controlled anisotropic colloids21 is a challenging
task and here we use sol–gel chemistry to create ‘‘hexapod’’
colloids; hexapods are colloids with six rods sticking out of a
central cubic core (Fig. 2). Coating such anisotropic colloids with
heterogeneous lipid membranes requires the balancing of surface
charge which affects the lipid distribution on the two leaflets of
bilayers.22 While our method is compatible with using DNA linkers
to achieve bonding between colloidal sub-units, in the work here,
we achieve bonding by taking advantage of the highly specific
straptavidin–biotin interaction. Using this system, we demonstrate
a proof-of-principle assembly of heterogeneous colloidal structures.

Materials and methods
Chemicals

All lipid stocks that we used for the experiments were pre-
pared in chloroform and used as received (Avanti Polar
Lipids and Echelon Biosciences). Alexa Fluor 488 conjugated
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streptavidin protein (ThermoFisher Scientific) and 50 wt%
polyethyleneimine solution (PEI, MW 2000) were procured
from Sigma Aldrich. In all our experiments, we used freshly
prepared Tris-buffer (pH 7.4). The various lipids are tabu-
lated in Table 1.

Colloids and synthesis of hexapod particles

Spherical silica particle of diameter 1 mm were purchased from
Richen Industries (Hong Kong) and silica particles of diameter
1.93 mm (SD = 0.05 mm), 5% (w/v) aqueous suspension was
purchased from microParticles GmbH (Germany). Monodisperse

Fig. 1 Conceptual schematic of ‘‘shape-anisotropic patchy colloids’’ created using anisotropic colloids and heterogeneous lipid membranes. The
lipid bilayer coating the colloid is dynamic and the local curvature of the colloid drives lipid segregation on the surface of the colloid. By using
biotinylated lipids in conjunction with streptavidin binding, we create sticky ‘‘shape-anisotropic patchy colloids’’ that are suitable for higher order
assemblies.

Fig. 2 Fabrication of anisotropic colloidal structures. Scanning electron microscopy (SEM) images of two different size hexapod colloids. Image (on left)
shows the shorter rod length hexapods (l B 1.5 mm); (on right) hexapods with longer rod length (l B 2.5 mm) and sharp curvature. Scale bar: 3 mm.

Table 1 Lipids and their suppliers

Lipids Abbreviations Suppliers

Lipids D9-cis 1,2-dioleoyl-sn-glycero-3-phosphocholine (499%) DOPC Avanti polar lipids
1,2-Dioleoyl-sn-glycero-3-phosphoethanolamine (499%) DOPE Avanti polar lipids
1,2-Dioleoyl-sn-glycero-3-phospho-L-serine (sodium salt) (499%) DOPS Avanti polar lipids
Brain polar lipid extract (Porcine) Avanti polar lipids
Cholesterol (499%) Avanti polar lipids
1,2-Dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl)
(ammonium salt) (499%) [excitation/emission, 560/583 nm]

Liss Rhod PE Avanti polar lipids

1,2-Dioleoyl-sn-glycero-3-phosphoethanolamine-N-(cap biotinyl) (sodium salt) (499%) Biotinyl Cap PE Avanti polar lipids
BODIPY TMR-phosphatidylinositol 4,5-bisphosphate (495%) [excitation/emission
542/574 nm]

BODIPY TMR-PI(4,5)P2 Echelon biosciences,
Inc (EBI)

BODIPY FL-phosphatidylinositol 3,4,5-trisphosphate (495%) [excitation/emission,
503/513 nm]

BODIPY FL-PI(3,4,5)P3 Echelon biosciences,
Inc (EBI)

BODIPY TMR-phosphatidylinositol 3,5-bisphosphate (495%) [excitation/emission,
542/574 nm]

BODIPY TMR-PI(3,5)P2 Echelon biosciences,
Inc (EBI)
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magnetic silica hexapod particles were synthesised by growing
uniform silica rods on a hematite cubic seeds in a sol–gel reaction
of tetraethylothosilicate (TEOS) in water and polyvinylpyrrolidone
(PVP) and ammonia in pentanol20. This synthesis protocol results
in negatively charged colloidal ‘‘hexapods’’; we synthesized hex-
apods of two different rod lengths: (1) short silica rod (length of
rod l = 1.5 mm) (2) long rods (l = 2.5 mm). The tips of the long rods
are much sharper than those of the short rods (Fig. 2). The
polydispersity for hexapod colloids as measured from SEM images
across different colloids is B7% for the central hematite cube and
B9.2% for the length of the rods.

Preparation of small unilamellar vesicles (SUVs)

We prepared a stock solution of DOPC in chloroform (25 mg mL�1)
from which 50 mL (99.99 mol%) was aliquoted in a centri-
fuge tube (2 mL) and 0.01 mol% fluorescent tagged lipid
(liss-Rhod-PE) was added to the above vial. The lipid mixture
was dried under nitrogen and further under overnight vacuum
(12 h). 1 mL of Tris–HCl buffer (pH 7.4) was added to the tube
and left at room temperature for hydration/swelling of the dried
lipids (99.99 mol% DOPC concentration). SUVs were then
produced using a probe sonicator (VC 750 (750 W), stepped
microtip diameter 3 mm) with an on/off pulse 1.5 s/1.5 s and
32% of the maximum sonicator amplitude. During the sonica-
tion, the tube was kept on an ice bath between sonication steps
(sonication for 30 s with a 1 minute gap) and this was repeated
3–4 times until the initially turbid solution turned transparent.
For preparing SUVs with phosphatidylinositol (PI) lipids,
a separate stock (50 mg mL�1) was made for each lipid:
PI(3,4,5)P3, PI(4,5)P2, and PI(3,5)P2. We added 10 mL from the
PI lipids stock solution to prepare 0.3 mol% of PI(3,4,5)P3 or
PI(4,5)P2 or PI(3,5)P2 in the above mentioned DOPC solution of
concentration 99.7 mol%.

Particle coating using SUVs

First, we washed the hexapod colloids 3–4 times with Tris-
buffer to remove any trace chemicals, such as polyvinylpyrroli-
done (PVP), that may have been left on the particle surface or in
the solution during particle synthesis and could interfere with
the coating of the particles with lipid membranes. The SUVs
were centrifuged at 4000 RPM for 5 minutes to specifically
isolate smaller vesicles. 500 mL of the supernatant of the
centrifuged SUV solution was then taken and added to a
20 mL (B102 particles per mL) aliquot of particle suspension
from the washed stock solution. The tube was maintained
under gentle vortexing at 25 1C for 2 to 3 hours. The lipid
coated particles then settled down to the bottom of the tube
from where they were collected and washed 3 to 4 times with
Tris-buffer before use in assembly experiments.

Particle imaging

We constructed a well (5 mm circular hole and B1 cm in depth)
out of the silicone rubber, Polydimethylsiloxane (PDMS) and
plasma-bonded it to a glass cover-slip. The well was then filled
with a 20 mL suspension of membrane coated particles and
finally sealed with a cover-slip. The particles settled down onto

the cover-slip and remained immobile, enabling us to capture
the Z-stack of the hexapods and perform FRAP measurements.
To limit particle movement out of the imaging plane, we
created a flow cell-like chamber by directly adhering two
cover-slips with UV-glue around two sides of the cover-slip
and leaving the outlet-inlet open. After curing the UV-glue,
the sample was gently inserted into the flow cell and held for
20–30 minutes after the open sides were sealed with nail polish.
Particles settled down on the cover-slip over time and remained
immobile, making it possible to perform three-dimensional
confocal microscopy.

Imaging and florescence recovery after photobleaching (FRAP)

To visualize membrane coating, molecular mobility within the
membrane, lipid segregation, and colloidal assembly, we used
epifluorescence microscopy. Confocal imaging of membrane
coating, dynamicity and lipid segregation was performed on a
Carl Zeiss LSM 780 module with a Plan-Apochromat 63�/1.40 Oil
DIC M27 objective and with GaAsP spectral detectors to collect
emitted photons. The membranes were doped with fluorescently
labelled lipids (0.01 mol% liss-Rhod-PE, 499%). To visualize
membrane coating, a 561 nm DPSS laser (3.64 mW) was used for
fluorescence excitation, with the detector emission range set to
570–695 nm, and a pinhole diameter of 55.8 mm and Zeiss MBS
458/561 mainbeam splitter were used, to obtain an 8 bit image
of 256 � 256 pixels. Further, molecular mobility within the
membrane is characterized by performing fluorescence recovery
after photo-bleaching (FRAP). For bleaching, one of the rods of the
hexapod colloids was selected and an area of 1.1 mm2 was selected
(frame rate of 5 frames per sec) – the per pixel bleach time was
2 ms and 10 such cycles were performed with a laser power of
36.4 mW to accomplish bleaching. Similar settings were used for
visualizing the sorting of lipids on the tips. An image of 512� 512
pixels (8-bit resolution) were obtained with a pixel size of 11 nm.
For the FRAP measurements of the tips, a bleach time per pixel of
6.3 ms with 0.42 mm2 area of bleaching were selected and 3 such
cycles of bleaching were performed. Images were subsequently
acquired at 3 frames per sec to characterise the fluorescence
recovery. Similarly, for the lipids labelled with the BODIPY-FL, a
488 nm Argon laser was selected for excitation with an emission
range of 499–553 nm and a pixel dwell time of 0.025 ms was used.
To avoid bleaching, the laser power was kept to a minimum of of
1.32 mW power on the sample, and a Zeiss MBS 488/561/633
mainbeam splitter was used for multichannel imaging. For the
488 laser channel, the pinhole diameter was adjusted to be 46 mm.
An 8-bit image of 512 � 512 pixels with a pixel width of 0.011 mm
was imaged. To perform FRAP, a circle with a diameter of
0.273 mm was chosen on the rod of the hexapods, with a pixel
dwell time of 6.3 ms and a detector gain of 1000, with a frame
interval of 0.331 s. A circular area was photobleached on one of
the hexapod rods, which was then imaged to determine the mean
intensity (I(t)) in the area. As shown in eqn (1), the intensity was
further normalized with the mean intensity of unbleached area.

IðtÞ ¼ IðtÞ
Iub

(1)
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where Iub is the fluorescence intensity in a reference unbleached
region. It must be noted that the lipid transport over the colloids
occurs on a curved surface and therefore while the recovery is
indeed indicative of lipid transport over the membrane, the
quantitative extraction of a diffusivity co-efficient cannot be
achieved using 2-dimensional imaging alone. However, we use a
recovery time t, the timescale of lipid transport over the
2-dimensional projection of the membrane surface (as in the
images we obtain), to represent the molecular mobility within the
membranes. To fit the FRAP data we use the expression (2).15

IðtÞ ¼ A 1� e

t� t0

t

0
@

1
A (2)

t is the characteristic time of recovery for the photobleached area.
We performed multi-channel epifluorescence and bright-

field microscopy to visualize colloidal assemblies. The assem-
blies were imaged on an Olympus IX81 microscope, with a
100� UPLSAPO (1.4 NA) Objective and captured using a Photo-
metrics Prime camera. A multi-channel 16-bit image of 2048 �
2048 pixels was taken comprising of a green channel (excitation:
460, dichroic: Semrock Quad Band), red channel (excitation:
550,dichroic: Semrock Quad Band) and a brightfield channel.

Colloidal assembly preparation

To generate ‘‘sticky’’ lipid membrane patches, we used Biot-
Cap-PE lipids which are modified by pre-binding streptavidin
proteins to the biotin caps. 10 mL mL�1 (10 mg mL�1) Biot-Cap-
PE was dried and added to 10 mL mL�1 (50 mg mL�1) fluorescent
Alexa Fluor 488 conjugated streptavidin. To achieve B1 Biot-
Cap-PE per streptavidin molecule, a higher concentration of
streptavidin than that of the Biot-Cap-PE was used. Then,
before preparing the SUVs, these pre-modified lipids were
mixed with the DOPC lipid. After allowing the hexapods to
settle under gravity for an hour, they were washed with the
buffer 4–5 times to remove any free streptavidin that remain in
the bulk solution. Similarly, we coated the 1 mm and 2 mm silica
beads. To coat the silica beads, we dried a mixture of 50 mL of
25 mg mL�1 DOPC and 10 mL mL�1 (10 mg mL�1) Biot-Cap-PE.
We also added 2 mL of 10 mg mL�1 Liss-Rhod-PE dye to the
above lipid mixture to visualise the membrane on the coated
beads. We followed the same procedure for coating the beads
as we did for the hexapods.

Results and discussion

We formed a uniform, supported lipid bilayer of 1,2-dioleoyl-sn-
glycero-3-phosphocholine (DOPC) on the colloidal silica hexa-
pods. Fluorescence recovery after photobleaching (FRAP) was
used to confirm the dynamicity of the membrane i.e. the
mocular mobility within the bilayer membrane. Adding phos-
phoinositols (PI) lipids to the DOPC lipid bilayer, such as
PI(3,4,5)P3 or PI(4,5)P2 resulted in the partitioning of these PI
lipids towards regions of higher local cuvature i.e. the tips
of the hexapod. We used this geometric effect to drive a
curvature mediated segregation of the streptavidin (bonded to

the biotinylated lipids) to the tip of the hexapod rods, creating
sticky ends which can subsequently bind to biotin. Finally, we
used the multivalent patchy colloids to drive directed colloidal
assembly.

Particles

To demonstrate hexapod colloid supported lipid membranes,
we used two types of hexapods that differed in rod length and
tip-curvature. A previous study has demonstrated the synthesis
of colloidal hexapods20 and the coating of anisotropic colloids
with heterogenous lipid membranes.19 These hexapod colloids
are synthesised on a hematite cube face using a sol–gel reaction
to ensure uniform growth of silica rods. Controlling the water
concentration and the phase separation of water in the oil
phase (pentanol) results in nucleation of water droplets at the
six faces of the cube. The reaction between polyvinylpyrrolidone
(PVP) and tetraethylorthosilicate (TEOS) in the water phase and
ammonia in the pentanol phase results in the formation of
hexapod colloids by the uniform growth of silica rods on the six
faces of the hematite cube. Controlling the reaction conditions
allows to change the length and thickness of the silica rods. The
length of the silica rods is determined by the reaction time,
while the thickness/diameter is determined by the interfacial
area between the water droplet and the end of the tip. However,
annealing the solution at 65 1C reduces the size of the water
droplets, resulting in the hexapods with spike-like rods shown
by the SEM images in Fig. 2A and B. The curvature at the tip is
greater in the longer rod length hexapod because it has a
sharper tip and a smaller diameter than the shorter rod length
hexapod (Fig. 2A and B).

Coating of colloids with lipid bilayers

Supported lipid membranes were formed around the hexapods
by exposing the colloids to a suspension of DOPC lipid SUVs.
To form a silica bead supported bilayer, we used a method
similar to that used previously in the literature.15,23 Though the
colloidal surface curvature plays a significant role in the
formation of a homogeneous mobile layer,15 local substrate
roughness or overall anisotropy in the shape affects the SUV
fusion and subsequent spreading. Surfaces with a uniform
curvature have a smooth homogeneous membrane; the hexa-
pods have a smooth variation in the curvature that supports a
homogeneous bilayer. Confocal microscopy was used to visual-
ise these uniform supported membranes, and averaged images
of the hexapod are created from the Z-stacks of the confocal
images (Videos SV1 and SV2, ESI†). We used FRAP measure-
ments to characterize the dynamicity of the supported
membrane by choosing a region of interest (ROI) on one of
the hexapod rods and photobleaching the fluorescently tagged
lipids (liss-rhod-PE) present in the lipid-membrane. After
photobleaching, we measured the mobility of fluorescent lipids
into the ROI and the mobility of bleached lipids out of the ROI
to confirm molecular mobility within the membrane (Fig. 3).
As shown in Fig. 3, we plotted the fluorescence before and
after bleaching over time. Thus, we show that the DOPC lipids
form a uniform hexapod supported membrane which retains a
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dynamic nature on the hexapods. There could be multiple
reasons for the reduced fluorescence recovery on these hexapod
supported membranes, as compared to other fluid lipid bilayer
settings—among many other possibilities such as material
inhomogeneity (the core of the hexapods is made of hematite),
surface roughness, charge-induced effects etc., the reduced
recovery in our experiments could also be due to the incom-
plete formation of membranes around the colloids. However,
we emphasize that since our main focus is on utilising
curvature-driven lipid sorting to form patchy colloids, fully

connected membranes are strictly not required. It is sufficient
that curvature-driven partitioning occurs robustly enough to
result in patchy colloids and that the molecular mobility within
the bilayers remains sufficiently high to ensure that the
assembled colloidal structure remain flexible. Our results
amply suggest that this is indeed the case.

Lipid segregation at the tips of hexapod rods

Next, we prepare a multicomponent SUV to form a supported
bilayer membrane with a heterogeneous composition to drive

Fig. 3 Hexapod colloid supported DOPC lipid membrane-(A) uniform supported lipid membrane on a shorter rod length hexapod, (B) uniform
supported lipid membrane on a longer rod hexapods with a sharp curvature, (scale bar 1 mm) and (C) FRAP measurement on a hexapod rod shows the
fluorescence recovery over time and confirms the supported membrane dynamicity. Snapshots of the FRAP shows top before photo-bleach, middle after
photo-bleach, and bottom recovery after photobleaching.
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curvature sorting of lipids around the anisotropic hexapod
colloids. We prepared SUVs with phosphoinositols (PI) lipids
by mixing either PI(3,4,5)P3 or PI(4,5)P2 with DOPC before
drying the lipids. In the first experiment, we used PI(3,4,5)P3

lipid that had been tagged with BODIPY-FL fluorescent dye.
Incubation of hexapods with DOPC-PI(3,4,5)P3 SUV coats the
hexapods with the lipid membrane. The coating of the hex-
apods with DOPC-PI(3,4,5)P3 lipid membrane was confirmed
using confocal microscopy, which shows that the majority of
PI(3,4,5)P3 lipids get sorted at the tips of the hexapod rods
shown in Fig. 4A, (and Video SV3, ESI†). As the thickness and
length of the hexapods rod varies, the spread of the PI(3,4,5)P3

(in green colour) along the tip of the rod increases with length,
as shown in Fig. 4B (and Video SV4, ESI†). Similarly, we added
PI(4,5)P2 lipids to the DOPC lipid membrane, that is also
fluorescently labelled with BODIPY-TMR dye. The confocal
microscopy images in Fig. 4C, (and Video SV5, ESI†) and
Fig. 4D, (and Video SV6, ESI†) show curvature sorting of
PI(4,5)P2 lipids on the hexapods coated with DOPC-PI(4,5)P2

membrane. Because of the sharp curvature of the hexapods
with longer rods, these particles showed more coverage of the
tips by the PI(4,5)P2 lipid. This sorting can be understood by
comparing the chemical structure and charges on various lipids
such as phosphatidylethanolamine (PE), phosphatidylserine
(PS), sphingomyeline (SM), and phosphatidylcholine (PC) –
due to the presence of a phosphate bearing inisitol ring, the
polar head group size of PI lipids is larger than that of PE, PC,
PS, and SM lipids.24 In general, lipids with smaller polar head

groups (PE) prefer to form inverted structures with negative
curvature, whereas lipids with larger polar head groups (PI)
prefer to form positive curvature structures by keeping head
groups outward. However, such lipids (PI or PE) cannot form a
lipid bilayer on their own and must be combined with other
lipids such as PC or PS.25 PI lipids are known to disrupt lipid
membrane packing due to their larger polar head group size
and arachidonyl chain with four double bonds, resulting in
packing defects in high PI concentration regions of the
membrane.24,26 Therefore, the following factors can justify lipid
sorting at the tip: (1) the size of the PI lipid head group, and
(2) the charge on the membrane supporting substrate. When
the chemical structures of PI(3,4,5)P3 or PI(4,5)P2 lipids are
compared to those of PC or PS lipids, the lipids with larger head
group sizes prefer to sort at the regions of higher curvature over
regions of less curvature or even flat surfaces. Furthermore, the
strong charges (negative) on the head groups of PI lipids induce
strong steric repulsion between the lipids, limiting lipid–lipid
proximity at flat or low curvature membrane coated surfaces;
thus, the high curvature regions of the hexapod rod are
preferred over the rest of the hexapod rod. We also investigate
the effect of the charges on the hexapod; given that hexapod
rods are made of silica which is negatively charged, PI lipids
might not prefer the inner leaflet causing them potentially
to flip into the outer leaflet in the hexapod’s highly curved
regions—it should however be noted that the flip–flop process
of lipids is a highly complex process that depends on multiple
factors and a detailed characterization of this phenomenon and

Fig. 4 Curvature dependent lipid sorting on the hexapod colloid surface. Panels (A) and (B) show the average Z-projection for the fluorescence image
time series of the hexapods recorded by fluorescence microscopy. The green color corresponds to the BODIPY-FL dye (le = 488 nm) tagged to the
PI(3,4,5)P3 lipids. Images show curvature driven sorting of the PI(3,4,5)P3 lipids when mixed with DOPC lipid membrane. (A) Lipid sorting at the tip of
shorter rod length hexapods; (B) lipid sorting at the tip of longer rod hexapods with a sharper tip. PI(3,4,5)P3 lipids follow the shape of the tip as
demonstrated using two different rod length hexapods (also differing in the thickness of the rods). Panel (C) and (D) show the sorting of PI(4,5)P2 lipid at
the hexapod tip. The red color corresponds to the BODPY-TMR dye (le = 574 nm). The average Z-projection for the fluorescence image time series
shows PI(4,5)P2 lipid sorting at (C) shorter rod length; (D) longer rod length hexapods (scale bar 1 mm). (E) FRAP recovery curve for the curvature sorted
lipids (PI(4,5)P2) at the tip of longer rod hexapod.
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ascertaining the asymmetry of the lipid bilayer is beyond the
scope of this current paper. We also used FRAP measurements
to characterise the mobility of the curvature sorted PI(4,5)P2

lipids at the tip of the hexapods (Fig. 4E). The recovery curve
suggests molecular mobility in the bleached region (corres-
ponding to a recovery time of B3 s); however, a very small
fraction is recovered, which could be due to a lower fraction of
fluorescent PI(4,5)P2 lipids outside the bleached region (i.e. on
the hexapod rods).

We also attempted coating the hexapods with different lipid
compositions, such as a brain lipid polar extract, and plasma
membrane lipid composition (DOPE, DOPS, DOPC, choles-
terol), in order to form colloid supported lipid membranes
and test their ability to sort at the high curvature regions. These
lipid SUVs were unable to coat the negatively charged hexapods.
Thereafter, we reversed the negative charge on the hexapod by
coating the particles with PEI (pH 8) after which the plasma
membrane lipids and brain lipids coat the positively charged
hexapods to form a supported lipid membrane (Fig. S2 and S3,
ESI†). As such, we don’t observe any curvature sorting of the
lipids with only DOPC lipids or plasma membrane composition
lipids or brain lipids membrane. We coated these positively
charged hexapods with DOPC-PI(3,4,5)P3 and DOPC-PI(4,5)P2

lipid membranes to better understand the effect of hexapod
positive charge on curvature sorting of PI lipids. We discovered
that the curvature sorting of the PI lipids persists regardless of
the type of charge on the hexapods (positive or negative)
(Fig. S1, Table 1, ESI†). In addition, we examined the effect of
lipid composition on the sorting nature of the PI in hexapods.
We created colloid supported lipid membranes on a positively
charged hexapod using plasma membrane lipid composition
and brain lipid polar extract mixed with PI(3,4,5)P3 or PI(4,5)P2

lipids. We observed PI curvature sorting at the rods tip of the
hexapod irrespective of the types or composition, for both
PI(3,4,5)P3 or PI(4,5)P2 (Fig. S2 and S3, Table 2, ESI†), except
that the intensity signal for PI lipids is higher on the positively
charged hexapods than the negatively charged hexapods as
shown by the images. This might be due to the distribution
of PI lipids on both the leaflets of the bilayers and the inter-
action of the lipids with the positive charge on the hexapods.
These findings have been summarised in Table 2, (Fig. S1–S3,
ESI†). These results underscore our demonstration that the

sorting of the PI lipids is driven by their geometrical preference
for regions of higher curvature, independent of the surface
charge and lipid types present in the coating membrane.
Supported multi-phasic lipid bilayers wrapped around aniso-
tropic colloids have previously been used to show that local
curvature can geometrically pin phase-separated lipid domains.19

The specific lipid composition used by Rinaldin et al.19 already
results in spontaneous phase separated lipid domains in the lipid
bilayer while the underlying geometry serves only to pin the
domains to specific locations. In contrast, our specific lipid
compositions do not spontaneously phase separate—the use of
PI lipids in a trace amount (0.1 mol%) to form giant unilamellar
vesicles (GUVs) have been shown to form a uniform distribution
of PI lipids in the membrane while clustering or aggregation in PI
lipids can be induced by diavalent ions such as Ca2+, Mg2+ or PI
antibodies.27 Further, the formation of a homogeneous mem-
branes of PC lipids doped with PI lipids on a planar solid surface
(silicon surface) have been shown to be influenced by the pH and
chosen buffer conditions but remains uniform i.e. without any
sorted domains.28,29 Specifically, these studies have shown that
in the absence of heterogenous curvature, PI lipids do not
segregate (except clustering that are achieved by aformentioned
conditions). In our current work, the different lipids (PI) in the
heterogeneous membranes around such anisotropic colloids sort
spatially due to curvature driven effects with a preference towards
the regions of positive curvature, underscoring the geometrically
mediated spatial sorting of lipids. Finally we note that the lipid
sorting is not limited to a few colloids but is observed on all
the colloids in our sample, further highlighting the genericity
and robustness of the curvature-driven sorting mechanism
(Video SV7, ESI†).

Colloidal assemblies

Finally, we turned our attention to exploiting the curvature
sorting of lipids at the hexapod rod tip to form directed
colloidal assemblies. To achieve this, we devise a system for
colloidal assemblies based on biotinylated-PE lipids and strep-
tavidin. The ability of Biot-Cap-PE lipids to bind to streptavidin
can be used to modify the head group of Biot-Cap-PE lipids with
streptavidin (Fig. 5A). Given that the larger size of the PI lipid
head group provides geometrical preferences for curvature, we
expected that the Biot-Cap-PE modification with streptavidin

Table 2 Summary of the nature of hexapod supported lipid bilayer membrane with different types of lipid membranes and different surface charges on
the hexapods. The table also shows that PI lipids sort due to curvature, irrespective of the surface charge of the particles and the lipid composition

Types of lipids Charge on hexapods Membrane coating Curvature sorting

(99.99 mol%) DOPC �ve Yes No
(99.7 mol%) DOPC + (0.3 mol%) PI(3,4,5)P3 or (0.3 mol%) PI(4,5)P2

or 0.3 mol% PI(3,5)P2

�ve Yes Yes

+ve Yes
Plasma membrane lipid composition (50 mol%) DOPC, (20 mol%) DOPE,
(10 mol%) DOPS, (20 mol%) cholesterol)

�ve No No

+ve Yes
(99.7 mol%) Plasma membrane lipid composition + (0.3 mol%) PI(3,4,5)P3 +ve Yes Yes
(99.99 mol%) Brain lipid polar extract �ve No No

+ve Yes
(99.7 mol)% Brain lipid polar extract + (0.3 mol)% PI(3,4,5)P3 +ve Yes Yes
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will have a similar curvature mediated sorting of the Biot-Cap-
PE (with streptavidin) lipids, and also act as a ‘‘glue’’ to join or
bond with other Biotin carrying surfaces or colloids or beads
(a single streptavidin molecule can bind with four biotin
molecules). We formed a lipid membrane by first mixing the
Bio-Cap-PE lipids with an excess of streptavidin (discussed in
the experimental section, Fig. 5A), then mixing with DOPC
before coating the hexapods with membrane. Fig. 5B shows a
fluorescence microscope image of the sorting of Biot-Cap-
PE-streptavidin (green colour) at the tips of hexapods with a
zoom in confocal microscopy. Furthermore, we coated 1 mm
and 2 mm silica beads to form a supported lipid bilayer using a
Biot-Cap-PE mixed DOPC membrane with a tracer amount of
fluorescent liss-Rhod-PE lipid to visualise the membrane on a
coated bead. These coated silica beads serve as ‘‘linker’’ joints
to bind two different hexapods into a single assembly (Fig. 5C).
In our first set of colloidal assembly experiments, we mixed
equal volumes (20 mL) of membrane coated hexapods and
2 mm silica beads. The Biot-Cap-PE lipid containing DOPC
membrane coated silica bead bound to the streptavidin at the
hexapod tip, as shown in the bright field microscope images
(Fig. 5D); these images are of different colloids in the sample
and are not a time series (Videos SV8–SV10, ESI†). We find that
assemblies formed between the hexapod and the silica bead
where two rods of a hexapod were bonded to the two beads;

or two hexapods were bonded to a silica bead through their tips
(Fig. 5C). The corresponding fluorescence images show the
distinct sorting of streptavidin (in green color) binding to the
uniform membrane coated silica bead (in red color, shown also
in videos SV8–SV10, ESI†). We also found that, due to their size,
2 mm silica beads are more likely to bind with two adjacent rods
of the same hexapods. We then used Biot-Cap-PE mixed DOPC
membrane coated 1 mm silica beads with streptavidin sorted
hexapods for assembly. All of these 1 mm silica beads were
bonded only to the tip of the hexapods, as shown in Fig. 5F
(these images are of different colloids in the sample and are not
a time series). We found that hexapod rods were bonded (left to
right) to the 2, 3, and 5 beads in excess of 1 mm silica beads,
with one rod for each bead (see Fig. 5F and Videos SV11–13,
ESI†). Longer hexapod assemblies with 1 mm silica beads were
formed after a longer incubation of the sample (B48 h) as
shown in the lower panel of Fig. 5F (left to right) and Video
SV14 (ESI†). The silica beads used in our experiments are small
enough to explore space sufficiently enough to physically access
the core of the hexapod (Videos SV15 and SV16, ESI†) and since
the curvature-driven segregation of lipids is not generally
expected to result in pure phases, it could be expected that a
few streptavidin bearing lipids on the hexapod rods further
away from the tips cause non-site-selective interactions.
However, in our experiments, we did not find any linker

Fig. 5 Hexapod colloid assemblies with silica beads: (A) schematics for the modification of the Biot Cap-PE lipid head group with streptavidin;
(B) fluorescence image of the hexapods colloid shows curvature sorting of Biot-Cap-PE lipid when coated with Biot-Cap-PE-Streptavidin mixed DOPC
lipid membrane (Video SV7, ESI†). The green color corresponds to the Alexa Fluor 488 conjugated streptavidin (le = 488 nm). (C) Schematic showing the
assembly strategy using a ‘‘linker’’ spherical bead coated with Biot-Cap-PE lipids. (D) Bright field images (BF) show assemblies between curvature sorted
streptavidin on the hexapod colloids and membrane coated (DOPC and Biot-Cap-PE) 2 mm linker silica beads; (E) corresponding fluorescence
multichannel images where green color corresponds to Alexa Fluor 488 conjugated streptavidin and red color corresponds to the Liss-Rhod-PE lipid.
(F) Brightfield microscopic images of the assemblies between the hexapods with curvature sorted protein and the membrane coated (DOPC and
Biot-Cap-PE) 1 mm linker silica bead (scale bar 2 mm).
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colloids attached to the lateral regions of the rods; while this
may not be as clear with 2 mm beads since their sizes are similar
to the rods themselves, this is especially clear with 1 mm linker
beads which predominantly bind to the tips of the rods
(Fig. 5F). This indeed suggests an increased site-selectivity at
the tips. While these are preliminary findings demonstrating
directed assembly of silica beads with hexapods, our work
raises the potential to extend this method to create directed
flexible, branched, and longer assemblies by taking advantage
of the anisotropy of the hexapod rods.

Conclusion

We have demonstrated here a method to generate sticky
‘‘shape-anisotropic patchy colloids’’ using a curvature driven
spatial sorting of lipids, guided by the anisotropic shape of the
colloid that they coat.19 Specifically, we used hexapod colloids
for this purpose and further demonstrate heterogeneous col-
loidal assemblies by using them in conjunction with ‘‘linker’’
spherical colloids. Our work suggests an alternate30,31 geo-
metric avenue to the creation of multivalent colloids with tuned
valences and specificities, a first step for the creation of multi-
farious and addressable assemblies.32 While we have only
scratched the surface here by demonstrating the first steps
towards simple linear links, much of a promising future for this
method awaits. In addition to the formation of structurally
flexible branched colloidal architectures,15 the method we
have developed here could find other applications in studying
fundamental cell,33 molecular biological and membrane
biophysical19,34,35 questions.
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