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Abstract

In this paper, we present a novel route to prepare hollow tubes using the template assisted Layer-by-Layer technique. A readily available glass
fibre template was coated with polyelectrolyte multilayers, followed by subsequent fibre dissolution. After the fibre dissolution we discovered
stable hollow tubes or observed a pearling instability depending on the composition of the multilayer. Here we focus on hollow tubes: we pre-
cisely characterized the tubes with Fluorescence Microscopy, Confocal Laser Scanning Microscopy and AFM Topography Imaging. The tubes
have an aspect ratio of around 10, with diameters from 5 pm up to 17 pm. The Layer-by-Layer technique allows us to control the tubes’ wall
thickness within a few nanometers; here the total wall thickness was 60 nm. Because the tubes can find a possible application in drug delivery,
we tested the permeability of the multilayer membrane. The mechanical properties of the wall were investigated with AFM Force Spectroscopy
and because continuum mechanical models apply to this system we derived a Young’s modulus of the wall material.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

There are various ways to produce tube-like structures. Pre-
viously, tubes have been formed by pure self assembly. A few
most prominent examples of materials used include carbon
[1,2], boronmitrate [3], lipid surfactants [4], or polypeptides
[5]. More recently, methods for tube preparation based on tem-
plate assisted self assembly have caught increasing attention
due to the potential for tailoring the tubes’ shape and wall
thickness. Both mesoporous materials and fibres, which are
dissolved after the formation of tubular coatings, can serve
as templates. In the first case, coatings are formed by wetting:
if interfacial interactions are suitable, then pore walls are cov-
ered by a thin wetting film, which turns into a glassy polymer
film upon solvent evaporation [6].

In the second case, fibres are coated using chemical vapour
deposition [7,8], or recently by Layer-by-Layer self assembly
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[9]. The Layer-by-Layer method was first introduced by
Decher and coworkers [10] and uses the alternating adsorption
of charged polymers onto an oppositely charged template sur-
face to form a polymeric multilayer. Each adsorption step
leads to a charge inversion and thus the next layer of charged
polymer can be assembled onto the coated template. As
detailed in several recent reviews [11—13] on this subject,
the total layer thickness can be controlled with nanometer
precision and various substances can be incorporated into
the layers such that the multilayers can, for example, be opti-
cally functional [14] or biocompatible [15,16,11]. The solid
wire or hollow tubes have diameters in the micrometer and
sub-micrometer range, and their length can be up to several
centimeters (electrospun fibres). Because they offer a large
surface area combined with low weight and are relatively eas-
ily assembled to meshes or fleeces [17—19], these tubes have
potential applications in catalysis [18], filtration [17], sensing
[20], and tissue engineering [15,21]. A recent review on the
various applications of freestanding nanostructures made by
multilayer assembly can be found in Ref. [22]. Micromanipu-
lation or switchable optical properties of tubes are possible
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because due to their anisotropic shape, they can be oriented by
external fields [23,24]. Finally, tubes can mechanically rein-
force microstructures, as seen by one function of tube-like
fibres in biological systems (protein nanotubes, microtubule)
[25]. Therefore, there is a large interest towards producing
tubes with micron scale lateral dimensions and submicron
wall thickness.

Here we both present a simple, but novel strategy for
micro-tube preparation that is based on template assisted
Layer-by-Layer assembly on readily available glass fibres
and show that we can produce micro-tubes with controlled
geometry (diameter, length, wall thickness and aspect ratio).
For the first time the permeability of these tubes and their me-
chanical properties are investigated with methods that allow
probing these properties on a single tube basis. Substances
can be encapsulated in (closed) tubes for drug delivery similar
to applications shown for polyelectrolyte capsules [16]. Open
tubes could be used for transport purposes or as channels in
micro-fluidics.

2. Experimental section
2.1. Materials

All chemicals were purchased from Sigma—Aldrich. The
polyelectrolytes used were: poly(ethylene imine) (PEL, M, =
25000), poly(allylamine hydrochloride) (PAH, M, = 15 000),
poly(styrenesulfonate) (PSS, M,, =70000), poly(diallyl-
dimethylammonium chloride) (PDADMAC, M,, =200 000—
350000). The concentration of polyelectrolytes in the 0.2 M
NaCl solution was 1 g/L and the pH was adjusted to 5.6 using
a 0.02 M acetate buffer. The 0.02 M acetate buffer was pre-
pared from acetic acid. In order to monitor the multilayer
build up, PAH and PSS were labelled with Rhodamine B.
Furthermore the dyes Rhodamine B (M, =479.01) and
FITC labelled dextran (M, =500000, concentration:
3.25 mg/mL) were used.

As templates for the Layer-by-Layer process, glass fibres
(diameter 5—10 pum, Uralita, Spain) were used. Prior to coat-
ing, the templates were cut with a homogeniser (Ultra Tur-
rax/Diax 900, Buddeberg, Germany) and activated by means
of a basic RCA treatment (caution: highly corrosive!): the
tubes are immersed into a solution containing 5 parts H,O,
1 part NH; and 1 part H,O, at 70°C for 10 min and
thoroughly rinsed with pure Milli-Q water afterwards. After
coating the templates, they were dissolved in 1 M hydrofluoric
acid, HF (caution: toxic and extremely harmful!).

2.2. Experimental methods

2.2.1. Fluorescence Microscopy

Optical images of the tubes were obtained with a Fluores-
cence Microscope Axiovert 200 (Zeiss, Germany) using
a 63x/1.4 oil immersion objective. A drop of the sample solu-
tion was put on clean glass slide that was previously coated
with a layer of PEI. The radii of at least 35 tubes were
analyzed.

2.2.2. Confocal Laser Scanning Microscopy

To visualize the tubes in water a Confocal Laser Scanning
Microscope (Leica TCS SP and Leica CLSM SP1, Germany)
was used with a 40x, 63x and 100x/1.4 oil immersion objec-
tive. The tubes can be easily detected due to the Rhodamine
labelled PAH or PSS layers in the wall.

2.2.3. Scanning Force Microscopy (SFM)

The topographic measurements were performed in air and
at room temperature with a Nanoscope III Multimode SFM
(Digital Instruments Inc.). The sample was prepared by plac-
ing a drop of the sample solution onto a silicon wafer. The sil-
icon was cleaned with RCA previously. After the evaporation
of the water in the sample solution, the tubes collapse on the
silicon and the thickness of the wall was measured at the
step collapsed tube — silicon. At least 20 profiles were
analyzed.

2.24. AFM Force Spectroscopy

Force Spectroscopic measurements were carried out under
water using a commercial AFM setup NanoWizard (JPK
Instruments, Germany). In this setup an AFM head is placed
on an optical microscope Axiovert 200 (Zeiss, Germany)
such that Fluorescence Microscopy can be used to locate
and monitor the Rhodamine labelled tubes in the experiment.
For the measurement a conventional pyramidal tip (CSC12/
AIBS/50, MicroMash, Estonia) and the colloidal probe tech-
nique were used [26,27]: a glass bead (diameter 30—50 pum,
Polyscience Inc.) is attached to a tipless cantilever (Micro-
Mash, Estonia) with a two component epoxy clue (UHU
Plus endfest 300, UHU GmbH & Co. KG, Germany) by using
a micromanipulator (Suttner Instruments Co.). According to
previous work [28], both tips produce the same force—
deformation characteristics as long as the deformations of
the shell are in the order of its wall thickness. The spring con-
stant of the cantilevers was determined using the thermal noise
method [29] or the Sader method [30]. Both methods agreed
within 10% and values of the spring constants were in the
range reported by the manufacturer. Clean glass slides were
coated with a layer of PEI in order to adhere the tubes onto
the glass surface. During the experiment, individual tubes
were compressed and both the force and the deformation of
the tube were measured, similar to force—deformation exper-
iments on capsules as described in more detail in Refs.
[31,32]. The deformations were limited to deformations in
the order of the wall thickness to avoid plasticity and other
effects caused by the permeation of solvent through the tube
membrane as discussed in Ref. [33].

3. Results and discussion

In this paper, a template assisted approach was used to coat
readily available glass fibre templates by the Layer-by-Layer
technique. The only requirement for the Layer-by-Layer pro-
cess is a sufficiently high surface charge density of the sub-
strates. For glass fibres to meet this criterion they need only
to be cleaned as described in Section 2. After the cleaning
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Fig. 1. CLSM image of a (PDADMAC/PSS); tube (a) showing a pearling instability after the dissolution of the template and (b) stabilized with an additional layer
PAH/PSS, after the dissolution of the template. (c) AFM topography image of a (PDADMAC/PSS)¢ tube, as well PAH/PSS stabilized, which is collapsed due to

drying.

procedure, six deposition cycles of PDADMAC and PSS were
assembled on the template and additionally one layer of PAH/
PSS, starting with a PDADMAC layer. Subsequently the fibre
substrates were dissolved by exposure to HF solution.

Here, the addition of one PAH layer turned out to be impor-
tant, because pure PDADMAC/PSS multilayers showed, as
displayed in Fig. 1a, a pearling instability upon fibre dissolu-
tion. Most likely the instabilities occurred due to the high ionic
strength during dissolution, that is known from detailed inves-
tigations elsewhere [37] to induce softening of the PDAD-
MAC/PSS multilayers [35]. In contrast, PAH/PSS layers are
well known to be stable at high ionic strengths [36], and in-
deed the instabilities could be suppressed by adding a single
layer of PAH. More details on this topic can be found in our
recent paper [37]. The obtained hollow fibres were character-
ized by both Fluorescence Microscopy (after suitable staining
as detailed in Section 2) and by Atomic Force Microscopy
imaging. The results are compiled in Fig. 1: Confocal Laser
Scanning Microscopic images (see Fig. 1b) show that the tubes
maintained the diameter and length of the fibres used in the
coating process. The wall thickness of the tubes was deter-
mined by AFM imaging of the dried tubes (Fig. 1c). Upon dry-
ing, the tubes collapsed and the wall thickness was directly
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measured by step height analysis. Additionally, no height
anomalies that would indicate incomplete dissolution of the
template fibres were found in our AFM measurements.

The histograms in Fig. 2 compile the data from measure-
ments on a representative number of tubes. If the fibres are
broken prior to coating, the length of the tubes was between
several tens and a few hundred microns. Here closed hollow
tubes were obtained after the Layer-by-Layer assembly,
whereas tubes cut after the coating and core dissolution pro-
cess were open ended (data not shown). The large polydis-
persity in the tube diameter reflects the polydispersity of the
template fibres, and the thickness of the tubes was measured
to be slightly larger than the typical range for this material
combination [38,39].

One crucial property for the performance of tubes in poten-
tial applications is the permeability of the wall material. This
property can be probed on an individual tube basis using Con-
focal Laser Scanning Microscopy: fluorescently labelled probe
molecules can be added to the solution and impermeable tubes
can be distinguished from permeable ones by the lack of fluo-
rescence in their interior. Fig. 3 shows typical CLSM pictures
after addition of fluorescently labelled macromolecules. In the
first case, FITC labelled dextran (M,, = 500000 g/mol), which
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Fig. 2. (a) Histogram of the diameters of the micro-tubes determined with Fluorescence Microscopy and (b) a histogram of their wall thickness as measured with

AFM topography imaging.
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Fig. 3. (a) Defect-free tubes are impermeable for high molecular weight molecules like FITC labelled dextran and (b) they are, as well, impermeable for low
molecular weight molecules like Rhodamine, showing an exceptionally defect-free hull. The measurements were performed with CLSM.

is slightly negatively charged due to the fluorescein was added
to the sample solution, see Fig. 3a. In the second case, posi-
tively charged Rhodamine 6G molecules (M, =479 g/mol)
were added, Fig. 3b. In both examples, the majority (more
than 90%) of the tubes showed no fluorescence in their inte-
rior. This indicates tube impermeability and an exceptionally
defect-free hull. This large amount of defect-free tubes is
remarkable and most likely due to the use of glass as the
template material. Earlier investigations have shown that the
use of polymeric template materials usually results in a
much higher risk of defects. The larger molecular weight of
the polymeric dissolution products causes osmotic stress on
the membrane during dissolution [40,41].

Mechanical properties of the tubes can be determined using
AFM Force Spectroscopy. As we have previously demon-
strated for hollow polyelectrolyte multilayer capsules,
force—deformation properties of such membranes are inde-
pendent of permeability properties, provided that the
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deformation remains in the order of the membrane thickness
[31]. Mechanical properties of tubes have been previously
investigated on microtubules [42] and self-assembled protein
nanotubes [25] using similar methods.

All deformation measurements were performed under water
and without added salt. As expected, the deformation proper-
ties of the tubes were found to be strongly depended on the po-
sition along the diameter at which the tube is probed. While in
all cases, linear force—deformation behaviour was found for
small deformations, the stiffness of the tube varied and in-
creased when the edge of the tube was approached. Close to
the edge, instabilities, most likely due to evasion of the tube,
were observed (detail information can be found in Ref. [37]).
Therefore we probed tubes close to their “pole region”. For
all measurements, the slope of the force—deformation charac-
teristic was reported, which was called the tubes’ stiffness c.

Fig. 4a, a histogram of the measured tubes’ stiffness shows
a broad range of stiffness values between a few and almost
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Fig. 4. (a) AFM force spectroscopic measurements were performed in order to obtain a histogram of the stiffness of the tubes. (b) As well, force—deformation
curves were taken from tubes with varying diameter (black spots d = 5.54 pm, grey spots d = 7.88 um and light grey spots d = 12.49 um).
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100 pN/m. Typical force—deformation curves are shown in
Fig. 4b. The main control parameter for the tubes’ stiffness
(and reason for the observed broad range of values) was the
radius of the tubes.

The stiffness is found to increase for tubes with smaller
radii, which is expected from continuum mechanical consider-
ations as described in Refs. [43,44]. The linear deformation of
a curved shell combines an out-of-plane bending and an
in-plane compression. Under a point load the cylinder returns
to its original shape at a certain distance from the point of
force application. For a long, thin-walled cylinder, the softest
mode of deformation extends along the axis, for a distance of
roughly R(R/1)"?, where R is the tube radius and ¢ is the wall
thickness. The deformation perpendicular to the axis extends
roughly by R. de Pablo et al. [42] found a relation between
the deformation, d, under the loading force, F, and the elastic
constant of the wall material, the Young’s modulus, E:

F t5/2

While the thickness of the tubes, ¢, is assumed to be uni-
form for the entire sample, the diameter of the tubes scatters
due to the polydispersity of the coated fibres. This allows to
test the scaling predictions of Eq. (1). Indeed, taking the stiff-
ness values ¢ of the example shown in Fig. 4b, which are
47 pN/nm, 26 pN/nm and 12 pN/nm, one finds that rescaling
according to Eq. (2) results in a rescaled stiffness of
0.22 nN(m'"?), 0.24 nN(m'?), and 0.18 nN(m'’?), respectively.

Crescaled = CR3/2 (2)

It is worthwhile to mention that the length of the tubes is
only important for the deformation properties of the tubes in
higher order terms. As long as the length is much larger
than the width, the deformation properties like the tubes’ stiff-
ness are decoupled from the internal volume of the tube. Thus,
tubes of any volume can be easily tailored to give certain
deformation properties. This decoupling is not possible for
spherical microcapsules where the internal volume is coupled
with the deformation properties by the radius of the sphere.

Using Eq. (1), the effective Young’s modulus of the wall
material, was calculated to be 207 MPa. This result is in-
between the values reported in the literature for PAH/PSS
(249 MPa) [28] and PDADMAC/PSS (100 MPa) [32]. How-
ever, it has to be considered that the calculation is based on
a homogenous material, while we have a composite of PAH/
PSS and PDADMAC/PSS. This is probably the reason for
the slight variances of the rescaled stiffness values above.

4. Conclusion

In conclusion, we showed a novel route for the preparation
of hollow cylindrical tubes from polyelectrolyte multilayers
using the Layer-by-Layer technique on glass fibres and subse-
quent fibre dissolution. The geometry and wall thickness of the
tubes were characterized with Fluorescence Microscopy, Con-
focal Laser Scanning Microscopy and AFM. The diameter of

the tubes reflected the diameter of the glass fibre templates,
which was in this case several microns. The wall thickness
was in the order of several tens of nanometers and could be
easily controlled by changing the number of adsorption cycles
during the multilayer assembly. The permeability of the tubes
was investigated by Confocal Laser Scanning Microscopy and
it was found that the tubes were impermeable to high molec-
ular weight molecules. While this finding is comparable to
previous results on microcapsules formed from the same mul-
tilayers, a remarkably small fraction of the tubes showed
defects. Therefore, this template is particularly well suited
for fabrication of tubes with low and controlled permeability
because of the low molecular weight of the template’s dissolu-
tion products. The mechanical properties of the material were
determined with AFM Force Spectroscopy of individual tubes.
We found that the scaling of the tubes’ stiffness with tube
radius was described well by continuum mechanical models.
These models yield Young’s moduli (E =207 MPa) that are
compatible with previous measurements. Therefore, these
simple models can serve as guidelines for tailoring the tubes’
deformation properties, ensuring suitable stability or release
by mechanical stimuli.

We believe that these systems can serve as valuable addi-
tions to the toolbox of micro- and nano-fluidics. Because
they strongly adhere on glass, these tubes can readily be inte-
grated into existing equipment (made from glass). They could
act as channels for transport or as mechanical reinforcements.
The tubes’ well defined permeability properties are beneficial
for filtration, sensing and release applications. For the latter
field, the independence of deformation properties from encap-
sulated volume opens new perspectives for tailoring mechani-
cal properties. Identical deformation properties for any
encapsulated volume can be achieved by simply selecting
a suitable tube length. Previous research has shown that poly-
electrolyte multilayers grown on this template material are
also stimulus responsive, thus additional applications for these
tubes are readily foreseeable.
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