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Fabrication and functionalization of lipid tubular 
microstructures

HM Bi1, XJ Han1,2*

Abstract
Introduction
The fabrication methods and func-
tionalization of lipid tubes are de-
scribed. The fabrication methods 
of lipid tubes were classified into 
three categories, i.e. self-assembly 
of lipid molecules, microfluidic way 
to form tubes and stretching of 
giant vesicles using an electric field. 
The functionalization of lipid tubes 
was summarized as metallization 
and deposition of inorganic silica 
onto tube surface, encapsulation of 
nanoparticles into hollow cylindrical 
tube of tubular microstructures, and 
embedding nanoparticles into the 
wall of lipid tubes to form functional 
nanocomposites or nanostructures. 
The applications of these nano- and 
microstructures are also given. This 
review gives a brief overview of the 
interesting field of lipid tubes.
Conclusion
The fabrication of tubular micro-
structures demonstrated the precise 
self-assembly property of lipid mol-
ecules. To explore a new universal 
fabrication method for lipid tubes is 
still a direction of this field. Templat-
ing technology using lipid tubular 
microstructures is a promising route 
to make diverse nanostructures. Duo 
to the high biocompatibility of lipid 

tubes, they can be designed as drug 
carriers to encapsulate hydrophilic 
molecules inside the tube or hydro-
phobic molecules within the lipid 
bilayer for drug delivery in biomedi-
cal research.

Introduction
Living systems are composed of vari-
ous microstructures of different sizes. 
Lipids are the basic and important 
building blocks of biological mem-
branes. Lipid tube, a self-assembled 
hollow cylindrical tube of lipid mol-
ecules, is widespread in nature. It 
plays an important role in energy and 
matter transmission of cell-to-cell  
in vivo1. The directed transport of 
ions and proteins has been moni-
tored in a diverse range of cells, in-
cluding lymphocytes, macrophages, 
adrenal cells and cardiomyocytes2. 
Furthermore, non-conjugative plas-
mids, containing hereditary genetic 
information, could be transferred 
from one cell to the recipient cells3. 
It has attracted considerable atten-
tion due to their interesting applica-
tions in many fields. Fabrication of 
functional composite structures us-
ing lipid tube as a template has been 
an exciting field in vitro. Stable and 
highly controlled lipid tubes can be 
used to synthesize nanostructures 
such as rods, wires and tubes4. After 
the first lipid tube was artificially 
created5 a number of techniques 
for fabricating lipid microstructures 
have been developed. Coupled with 
advanced chemical and medicinal 
characterization techniques, the 
functionalization of the lipid nano- 
and microtube also made great prog-
ress6. These provide us with insights 
into the functions of the lipid nano- 
and microtube in living organisms3. 
Considering the recent developments 

and the increasing use of lipid tubes, 
there is a demand for document-
ing their preparation methods and 
their applications. This paper gives 
an overview of the methods used 
in the fabrication of nano- and mi-
crolipid tubes and their potential 
applications. The fabrication meth-
ods are categorized according to the 
driving force for tube formation, i.e. 
the manner of self-assembly of lipid 
molecules, the manner in which fluid 
flows are used, and the manner in 
which electric fields are used. The 
functionalization of lipid tube is dis-
cussed with respect to the following 
aspects: metallization and deposition 
of inorganic silica onto tube surfaces 
and encapsulation or embedding of 
nanoparticles into the tubes. This 
review can also be helpful to design 
and engineer nano- and microstruc-
tures for advanced materials and 
sensors using biomolecular self-
assembly techniques7.

Discussion
Methods of Lipid Tube  
Formation 
Self-assembly of lipid molecules
Synthetic lipid tubes were first created 
more than three decades ago by Yager 
and Schoen5. They observed hollow 
tube-shaped microstructures when 
cooling 1,2-bis (10,12-tricosadiynoyl)-
sn-glycero-3-phosphocholine (DC8,9PC) 
vesicles through its chain melting tran-
sition temperature. These tubes were 
approximately 0.5 µm in diameter and 
from 1 to over 200 µm in length. Later 
on, Burke8 and co-workers improved 
the conversion efficiency to almost 
100% by cycling the process. However 
it was difficult to control the required 
homogeneous temperature variation 
with the proper precision. A new pro-
cess of tube formation was developed 
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to use an ethanol/lipid/water solution 
at a constant temperature or over a 
narrow temperature range. Yager’s 
group9,10 used the monomeric lecithins 
DC8,9PC to form tubular microstructures 
by precipitation of the lipid from etha-
nol upon addition of water, as shown 
in Figure 1a. Lipid tubes of different 
sizes were obtained using this method. 
Self-assembly method is an easy way, 
but it has its limitations with respect 
to special lipids, such as diacetylenic 
phospholipid DC8,9PC.

Microfluidic ways to form lipid tubes
Microfluidic ways are commonly used 
for lipid tube preparations. Brazhnik 
et al.11 used microfluidic systems to 
create natural phosphatidylcholine 
(PC) micro- and nanotubes with un-
precedented lengths, i.e. several cen-

timetres in length. The hollow tubular 
structure was confirmed by observ-
ing fluorescent dyes inside the tube. 
Recently, Sugihara et  al.12  reported 
that lipid blocks in inverted hexagonal 
phase made of 1,2-dioleoyl-sn-glycero
-3-phosphoethanolamine (DOPE) can 
protrude into lipid nanotubes upon a 
fluid dynamic flow in a physiological 
buffer solution. The outer diameter of 
the tubes was 19.1 ± 4.5 nm and their 
lengths were up to several hundred 
micrometres. West et al.13 obtained 
lipid tubes with a major diameter 
of about 3.6  µm by microfluidic 
tweezing. Lin et  al.14 manufactured 
a series of phospholipid microtubes 
(1~10 µm in diameter) from dried 
thin phospholipid lms based on 
micro-electromechanical systems 
technology and micro fluidic technol-

ogy. They also studied the parameters 
influencing the generation of lipid 
tubes, including flow rate, hydration 
temperature, pH of the aqueous solu-
tion and phospholipids concentration. 
The formed tubes at different stages 
are shown in Figure  1b. Dittrich 
et al.15 applied photolithography tech-
niques to fabricate micro-sized aper-
tures that provide a way to form lipid 
structures with predictable sizes. 
When a vacuum pump was connected 
to the outlet, lipid tubes with a per-
fectly homogeneous diameter and 
extraordinary length were generated. 

The aforementioned methods are 
all based on lipid films. In fact, the 
preformed vesicles were stretched 
into lipid tubes with flows. Heinrich 
et al.16 analysed this phenomenon by 
means of general mathematical meth-
ods. Although a bilayer tube formed 
from a closed vesicle is not an ideal 
cylinder, it provides the theoretical 
basis for practical purposes. Rossier 
and co-workers17 theoretically and 
experimentally discussed the dynam-
ical laws that governed extrusion and 
retraction of tubes extracted from 
lipid vesicles at a high speed and un-
der strong flows. It provides the first 
evidence that the tension along the 
tube increases from the vesicle body 
to the tip of the tube. The dynamical 
laws for retraction are in good quan-
titative agreement with these theo-
retical predictions. Recently, Sekine 
et al.18 used a homogeneous laminar 
shear flow to prepare lipid nanotubes 
from surface-immobilized liposomes 
on a solid substrate by avidin–biotin 
interactions. They obtained long 
lipid nanotubes arranged in a well-
controlled direction. 

Microfluidic networks can also be 
used to generate lipid tube arrays. 
Mahajan and Fang19 showed that 
lipid nano- and microtubes could 
be assembled into two-dimensional 
(2-D) parallel arrays with controlled 
separations by fluidic alignment. The 
aligned lipid tubes in the recessed 
channels can be transferred onto 
different types of substrates with 

Figure 1: (a) Darkfield optical micrographs of tubes formed by addition of 
water to ethanol solution of DC8,9PC. The micrographs were taken at room 
temperature. The final concentration of the lipid was 0.5 mg/ml. The final con-
centrations (v/v) of ethanol were 55% (top) and 70% (bottom). The incuba-
tion times in the ethanol–water mixtures were 10 h (top) and 6 months (bot-
tom). Scale bars = 100 µm. Reprinted with permission from ref. 10. Copyright 
(1987) American Chemical Society. (b) Time-serial images of the growing 
single-aligned DLPC microtube in the microchannel: 0 s (top) and 7 s (bottom). 
Reprinted with permission from ref. 14. Copyright (2006) Elsevier B.V. (c) 
Fluorescence micrographs of lipid nanotubes from a liposome composition 
of 89:10:1 PC:PA:OG-DHPE at an applied voltage of 8 V/cm(top,) and from a 
liposome composition of 99:1 PC:OG-DHPE at 10 V/cm (bottom). Scale Bar = 
50 µm. Reprinted with permission from ref. 20. Copyright (2009) American 
Chemical Society.
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polydimethylsiloxane (PDMS) stamp 
to form 2-D arrays of aligned lipid 
tubes. The method enables the align-
ment and patterning of lipid nano-
tubes into various (including curvy) 
shapes with a microfluidic system.

Giant vesicles stretching using an 
electric field 
Another driving force of forming lipid 
tube comes from electric fields. Cas-
tillo et al.20 fabricated lipid tubular 
structures by modest electric fields. 
They attached preformed giant ves-
icles onto a glass substrate between 
two electrodes, and then studied 
lipid tube formation by varying field 
strength and lipid composition. The 
liposomes were prepared with phos-
phatidylcholine (PC), phosphatidic 
acid (PA), phosphoethanolamine 
(PE) and cholesterol. They can form 
long-range (millimetres) lipid nano-
tubes. The formed tubes were gen-
erally aligned with the electric field. 
Figure 1c shows the tubular align-
ment under different zwitterionic-
to-charged lipid ratio (by mass) and 
field strength. Hayes’s group21 also 
found that individual vesicles can 
be stretched into nanotubes in an 
electric field. 

Functionalization of lipid tubes
The tubular architectures of lipids 
can serve as templates for mineral 
nucleation, deposition of inorganic 
silica and encapsulation or embed-
ding of nanoparticles for making 
functionalized nanostructures. Due 
to their large geometrical aspect 
ratios, they are also well suited for 
the fabrication of magnetic and elec-
trically conductive nanowires using 
template technology.

Metallization of lipid tubes 
The early report utilizing phospho-
lipid tubes as templates to fabricate 
metal tubular microstructures was 
carried out by Schnur’s group22. The 
lipid tubes, derived from DC8,9PC, 
acted as an excellent scaffold to cre-
ate metal nanotubes by coating the 
lipid tubes with elegant electroless 

plating processes. The electroless 
metallization technique allows the 
nanotubes to be clad with a uniform 
layer of metals on the exterior and 
interior surfaces. The thickness of 
the metal layer can be controlled by 
change of plating solution concen-
tration and plating time. The lipid 
tubes can be metallized with any 
metal capable of being plated, such 
as Ni2+. The formed metal tubes are 
shown in Figure 2a. Almost at the 
same time, Georger et al.10 applied 
this technique to deposit a thin cop-
per layer on the lipid tube surface. 
Figure 2b shows a scanning electron 
micrograph (SEM) of copper-coated 
DC8,9PC tubes and helices. These ro-
bust metal-covered objects are three-
dimensional. It can also be seen that 
the helices formed from the L stereo-
isomer of the lipid are right handed. 
Banerjee et al.23 also fabricated Cu 
nanotubes using sequenced histi-
dine-rich peptide lipid nanotubes. 
The sequenced histidine-rich peptide 
lipid molecules were assembled as 
nanotubes that can bind Cu ions on 
the nanotube surface. Those nano-
tubes showed significant change in 
electronic properties by varying the 
nanocrystal diameter. Therefore, this 
system may be developed to a con-

ductivity-tunable building block for 
microelectronics and biological sen-
sors. Besides the electroless plating 
technique, using the capacity of lipid 
bilayers to bind metal cations from 
aqueous solution, particularly diva-
lent and trivalent species, aluminium 
mineral microtubes were prepared 
on the nanotube of DC8,9PC. Mann’s 
group24 reported a nanometre-thick, 
continuous coating of a magnesium 
phyllo(organo) silicate clay using 
self-assembled nanotubes of DC8,9PC.

Considering the stability of tubes, 
the metallization of lipid tubes is 
mainly restricted to the diacetylenic 
phospholipid. The above examples 
of metallization mainly used lipid 
of DC8,9PC. It is a knotty problem to 
realize this application with natural 
lipids such as egg PC. 

Deposition of silica on lipid tubes 
After Schnur’s group22 reported that 
silica films grew on the nanotube of 
DC8,9PC, Baral and Schoen25 applied 
sol–gel methods to deposit thin silica 
films (Figure 3a) on self-organized 
lipid tubes to stabilize the tubular 
structure. The silica film on the tube 
surface remained continuous after ex-
tensive washing with water, indicating 
a strong adherence of the silica film 

Figure 2: (a) SEM of tubes plated with electroless nickel. Reprinted with 
permission from ref. 22. Copyright (1987) published by Elsevier. (b) SEM of 
tubes and helices formed from DC8,9PC at 50% 2-propanol in water that were 
subsequently coated with copper metal. Note that all helical structures are 
right handed and that the pitch of the helices is somewhat variable. Scale bar = 
2.48 µm. Reprinted with permission from ref. 10. Copyright (1987) American 
Chemical Society.
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to the tube surface. Ji et  al.26 utilized 
a glycolipid nanotube as a template 
to form silica-lipid-silica laminated 
structures by sol–gel polymerization 
of tetraethyl orthosilicate (TEOS). 
They obtained silica tubular struc-
tures with different diameters. 
Moreover, by changing the template 
morphology by addition of ethanol in 
a silica/lipid xerogel, they obtained 
tube-in-tube silica nanotubes after 
calcination27. Because of the excellent 
biocompatibility of silica, deposition 
or coating of lipid tubes offered them 
potential applications in long-term 
sustained-release systems in agricul-
ture, environment and medicine28.

Encapsulation or embedding of 
nanoparticles in lipid tubes
Apart from the surface modification 
of lipid tubes, encapsulation and em-
bedding of appropriate nanoparticles 
into hollow cylinder and membrane 
lamella of lipid tubes, respectively, 
were studied by Shimizu’s group29,30. 
They have succeeded in filling gold 
and silver nanoparticles into lyophi-
lized lipid nanotubes to realize the 
1-D arrangement of the nanodots 
that are shown in Figure 3b. It shows 
the remarkable size effect of the 
nanodots in the 1-D organization 
profile in the lipid nanotube hollow 
cylinder. The bilayer membrane wall 
also serves as an embedding matrix 
of nanoparticles to form functional 

nanocomposites or nanostructures. 
Shimizu’s group31 embedded CdS into 
bilayer membranes of a synthetic 
peptide lipid to obtain fluorescent 
nanotubes, as shown in Figure  3c. 
Cd2+ coordinates to two negatively 
charged COO -groups of the lipid to 
form Cd-complexes. Upon exposure 
to H2S vapour, the Cd2+ in the Cd-lipid 
nanotubes was released to react with 
S2−, subsequently to initiate CdS nuclei 
and finally growing to the CdS QDs 
all over the lipid bilayer membranes. 
Encapsulation and embedding of 
nanoparticles into hollow cylinder 
and membrane lamella of lipid tubes 
achieved the integration of inor-
ganic particles into organic matrices, 
which enabled us to produce tailor-
made-type nanotube hosted with the 
desired functionalities not only in 
biological material but also in other 
nanocomposite fields.

Conclusion
The fabrication of tubular micro-
structures demonstrated the precise 
self-assembly property of lipid mol-
ecules. To explore a new universal 
fabrication method for lipid tubes 
is still a direction of this field. Tem-
plating technology using lipid tubu-
lar microstructures is a promising 
route to make diverse nanostruc-
tures. The current achievements of 
this route have spurred intense and 
rapid progress. Mineralization of 

lipid tube can be applied to fabricate 
various metallic and semiconduc-
tor nanotubes. Besides the existing 
elements of lipid tubular modifica-
tion, it should also be possible to 
decorate these structures with other 
molecules to exploit particular func-
tionalized microstructures. The rec-
ognition ability of lipid molecules 
enables us to manipulate 1-D nano-
structures into 3-D or new super 
molecular architectures in the near 
future. 

In addition, because of the high 
biocompatibility, flexibility and 
easy modification of the surfaces 
of lipid tubes, they were designed 
as drug carriers to encapsulate hy-
drophilic molecules inside the tube 
or hydrophobic molecules within 
the lipid bilayer for drug delivery 
in biomedical research32,33. Once 
the drug carrier reaches the spe-
cific target, one can control the drug 
release by applying extrinsic stim-
ulation. The lipid tubular and func-
tional lipid tubular microstructures 
have a potential application in the 
field of biomedicine.
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Figure 3: (a) Transmission electron micrograph (TEM) of a silica coated DC8,9PC phospholipid tube. Reprinted with 
permission from ref. 25. Copyright (1993) American Chemical Society. (b) TEM of a lipid nanotube loaded with 2–4 nm 
silver nanoparticles. Reprinted with permission from ref. 29. Copyright (2004) American Chemical Society. (c) STEM for 
the lipid nanotube of synthetic peptide lipid where the CdS nanodots are embedded all over the lipid bilayer membranes. 
STEM was reproduced with permission from ref. 31. Copyright 2007 Wiley-VCH.
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