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Protein Nanotubes Comprised of an Alternate Layer-by-Layer Assembly
Using a Polycation as an Electrostatic Glue

Xue Qu,"”! Gang Lu,™ Eishun Tsuchida,*"! and Teruyuki Komatsu*'"!

Abstract: We present the synthesis and
structure of various protein nanotubes
comprised of an alternate layer-by-
layer (LbL) assembly using a polycat-
ion as an electrostatic glue. The nano-
tubes were fabricated by sequential
LbL depositions of positively charged
polycations and negatively charged
proteins into a porous polycarbonate
(PC) membrane, followed by release of
the cylindrical core by quick dissolu-
tion of the template with CH,Cl,. This
procedure provides a variety of protein
nanotubes without interlayer cross-
linking. The three-cycle depositions of
poly-L-arginine (PLA) and human
serum albumin (HSA, M,,=66.5 kDa)

ameter, D,=400nm) yielded well-de-
fined (PLA/HSA); nanotubes with an
outer diameter of 419+29nm and a
wall thickness of 46 +8 nm, revealed by
scanning electron microscopy (SEM)
and transmission electron microscopy
(TEM) observations. The outer diame-
ter of the tubules can be controlled by
the pore size of the template (200-
800 nm), whereas the wall thickness is
always constant, independent of the D,
value. The (PEI/HSA); (PEI: polyethy-
lenimine) nanotubes showed a slightly
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thin wall of 39+5 nm. CD spectra of
the multilayered (PEI/HSA), film on a
flat quartz plate suggested that the sec-
ondary structure of HSA between the
polycations was almost the same as
that in aqueous solution. The three-
cycle LbL depositions of PLA and fer-
ritin (M, =460 kDa) or myoglobin
(Mb, M,,=1.7 kDa) into the porous PC
membrane also gave cylindrical hollow
structures. The wall thickness of the
(PLA/ferritin); and (PLA/Mb); nano-
tubes were 554+5nm and 31+4 nm; it
depends on the globular size of the
protein (ferritin>HSA >Mb). The in-
dividual ferritin molecule was clearly
seen in the tubular walls by SEM and

into the porous PC template (pore di-

Introduction

Supramolecular templating synthesis using a nanoporous
membrane, such as anodic aluminum oxide (AAQO) or track-
etch polycarbonate (PC), allows construction of well-defined
cylindrical hollow structures from a variety of materials.'*®!
In particular, the alternate layer-by-layer (LbL) deposition
technique, which is a multilayer build-up onto the pore wall
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TEM measurements.

that exploits the electrostatic attraction between oppositely
charged molecules, has been widely used for preparation of
polyelectrolyte nanotubes."™! The dimensions of the tubes
can be determined precisely according to the pore shape in-
terior. Proteins are also natural polyelectrolytes and show
versatile bioactivities and biocompatibility. Therefore, the
LbL preparation of a protein nanotube has attracted consid-
erable attention because of its potential applications in an
enzymatic nanocatalyst,'*! bioseparation nanofilter,'*! and
targeting nanocarrier.’¥) However, there are relatively few
reports on liberated protein nanotubes.'*'®! The biomateri-
al-based LbL assembly has a weak structure. The release of
nanotubes from the AAO membrane is commonly achieved
by wet chemical etching in aqueous phosphoric acid for sev-
eral hours. We have previously demonstrated that human
serum albumin (HSA) nanotubes prepared in the AAO
template easily collapsed in this process unless fixed on a
solid substrate." The key point for fabrication of nanotubes
by templating synthesis is to remove the cylindrical core
from the membrane without damaging it. Martin et al. suc-
cessfully prepared glucose oxidase and hemoglobin nano-
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tubes using LbL cross-linking with glutaraldehyde.' Al-
though many of them are broken during the collection pro-
cess, the remaining tubules retained their bioactivities. Nev-
ertheless, some concern remains that polymerization might
denature the protein component. Synthesis of protein nano-
tubes universally without interlayer cross-linking would
serve as a trigger to create a new field of bioactive nano-
tubes.

In this paper, we present the synthesis and structure of
various protein nanotubes composed of electrostatic LbL as-
sembly with polycation. The nanotubes were fabricated by
alternate LbL depositions of positively charged polycation
and negatively charged protein [HSA, ferritin, or myoglobin
(Mb)] (Figure 1) into a porous PC membrane, followed by
release of the cylindrical core by dissolution of the template
with CH,ClL,. The effect of the globular size of the protein
on the tubular wall thickness has been carefully character-
ized.
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(Mb) (HSA) _
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Figure 1. Structures of proteins and polycations used for templating syn-
thesis of nanotubes. The protein pictures were produced based on crystal
structure coordinates of Mb (code: IMBO), HSA (code: 1E78), and fer-
ritin (code: 1IER) using PyMOL (DeLano, W. L. The PyMOL Molecular
Graphics System; DeLano Scientific: San Carlos, CA, 2006). The spheri-
cal balls depict the relative globular size of the proteins.

Results and Discussion

The most prominent plasma protein in our bloodstream,
HSA (M, =66.5kDa, 8.0x8.0x3.0nm),"” is negatively
charged in a wide range of physiological pH.'"¥! Phosphate
buffered solutions of poly-L-arginine (PLA) and HSA at
pH 7.0 were alternately filtered through a porous PC mem-
brane (pore diameter, D,=400nm, pore depth: 10 um)
under constant pressure using a syringe pump (Scheme 1).
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Scheme 1. Preparation of nanotubes by alternate LbL depositions of posi-
tively charged polycation and negatively charged protein into porous PC
membrane template.

The three-cycle depositions of each component onto the
pore wall produced three bilayers of PLA/HSA: (PLA/
HSA);. The adhesive materials on the top and bottom surfa-
ces of the template were removed mechanically by using a
cotton swab with water. The resultant membrane was air-
dried for 12 h at room temperature. Finally, dissolution of
the PC template was achieved by exposure into CH,Cl, so-
lution to release the nanotubes. Other organic solvents, such
as acetone, benzene, ethylacetate, and DMSO, were not ef-
fective for quick etching of the template. The liberated
nanotubes were collected immediately using vacuum filtra-
tion.

Scanning electron microscopy (SEM) observations of the
filtered sample showed a formation of well-defined hollow
cylinders of (PLA/HSA); with an outer diameter of 419+
29 nm (Figure 2a). The maximum length of the nanotube

Figure 2. a,b) SEM images and c) TEM images of (PLA/HSA); nano-
tubes. The TEM sample was stained by uranylacetate. d) CLMS images
of (PLA/FITC-HSA); nanotubes. These tubules are all prepared by LbL
depositions into porous PC template with a D,=400 nm.
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(~9 um) corresponds to the template thickness. The wrin-
kles on the outer surface of the tubes are a mirror image of
the roughness of the pore wall. Furthermore, shorter nano-
tubes were also found. These might result from some of the
channels in the track-etch PC membrane that do not pene-
trate the film.'”? Interestingly, interconnected channels
produced a forked nanotube. Another cause of short tubes
might be unexpected defects formed during the alternate
LbL assembly at the middle of the pore.

The wall thickness of the (PLA/HSA); nanotube was 46+
8nm. The inner diameter was therefore estimated as
~330nm (Figure 2b). Transmission electron microscopy
(TEM) measurements of the tubules on a carbon-coated
copper grid elicited identical images to those of SEM obser-
vations (Figure 3c); TEM revealed small meniscuses in the

Figure 3. a) SEM images of (PLA/HSA); nanotubes prepared by using a
200 nm porous PC template. b) SEM image of (PLA/HSA), nanotubes
prepared by using a 800 nm porous PC template.

cylinder. When the sample was negatively stained with
uranyl acetate (UO**), the dried nanotube sucked up the
aqueous UO’* solution, thereby causing the formation of
nanoscale meniscuses. The contact angle of nearly 0° exhib-
its an extremely hydrophilic internal surface.

The three-cycle LbL depositions of PLA and fluorescein
isothiocyanate (FITC) labeled HSA into the 400 nm pore
template also yielded identical nanotubes (Figure S1 in the
Supporting Information). Confocal laser scanning microsco-
py (CLSM; Ex at A=488 nm) clearly displayed green fluo-
rescing single nanotubes (Figure 2d).

The outer diameter of the (PLA/HSA); nanotube can be
controlled by the pore size of the PC template used. The
three-cycle LbL depositions into the small pore template
(D,=200nm) yielded slender nanotubes with an outer di-
ameter of 15448 nm (Figure 3a).”!! On the other hand, use
of a large pore template (D,=800nm) produced gigantic
tubes with an outer diameter of 708 & 55 nm.*! Notably, the
wall thicknesses were always constant (~45 nm), independ-
ent of the D, value. As expected, six-cycle depositions in-
creased the wall thickness to 64+8nm (D,=400nm) and
63+7nm (D,=800nm) (Figure 3b). They are again inde-
pendent of the pore size and 1.4-fold larger than that of the
three-cycle preparation. Here, we have to be aware that
polyelectrolytes swell under aqueous conditions. It appears
that the freshly prepared (PLA/HSA), is swollen and its
thickness is probably double that of wet (PLA/HSA);. How-
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ever, after drying, the tubes are shrunk within the pore;
thereby, the (PLA/HSA); wall became thinner than double
the thickness of the dried (PLA/HSA);. This phenomenon is
governed by the degree of swelling of the polyelectrolyte
and protein complex.

Li et al. synthesized robust nanotubes by LbL deposition
of chitosan and arginate into the porous PC membrane
(D,=400nm) and demonstrated a clear dependence of the
wall thickness on the number of deposition cycles: 40 nm at
8 cycles and 80 nm at 16 cycles.*™ On the other hand, Lee
etal. found that the thickness of (PAH/PSS), multilayers
[PAH: poly(allylamine hydrochloride), PSS: poly(styrene
sodium sulfate)] deposited into the nanopore PC template
was greater than that of the corresponding flat multilayers
on a smooth Si wafer.'”! Increased thickness of bilayers in
the pore was similarly observed by Jonas et al. They investi-
gated a pair of strong polyelectrolytes, poly(vinylbenzylam-
monium chloride) and PSS, with different D, values."") The
first bilayer was one or two orders of magnitude thicker
(50-120 nm) than that of a corresponding flat bilayer ad-
sorbed onto a Si wafer (1-3 nm), which implies that the
small pores are completely filled after only one or two cycle
depositions. It is remarkable that the wall thickness in the
porous PC template depended on its D, value. This is, how-
ever, inconsistent with our experimental results related to
(PLA/HSA), nanotubes. In view of these studies, the quali-
tative molecular mechanism of the LbL assembly of the
polyelectrolytes in the porous PC membrane remains un-
clear. Although the structural formation of the protein/poly-
cation nanotube is also not fully understood, we would pre-
sume that the wall thickness of the dried tube reflects the
characteristics and size of the protein as well as its packing
and orientation in the multilayers.

The three-cycle LbL depositions of polyethylenimine
(PEI) and HSA into the porous PC template (D,=400 nm)
also yielded well-defined (PEI/HSA); nanotubes in which
the thickness of the wall (39+5 nm) was slightly less than
that of the (PLA/HSA); (Figure 4a,b). The six-cycle deposi-
tions again led to a 1.5-fold increase in the wall thickness
(58 £6 nm). Furthermore, we used different polycation as a
counterpart to HSA; poly-L-lysine hydrobromide at pH 7.0,
PAH at pH 7.0, chitosan hydrochloride at pH 5.0, or HSA
at pH 3.8 (under the plI value). Unfortunately, no pairing
with HSA formed a stable nanotube. The PLA with a strong
basic side-chain (pKa=12.5)?' and PEI with highly

40 nm
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Y

Figure 4. a) SEM image and b) TEM image of (PEI/HSA); nanotubes
prepared by using a 400 nm porous PC template.
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branched structure might be effective for holding the pro-
tein layer together as an electrostatic glue in the porous PC
membrane.

To characterize the protein structure between the polycat-
ions, a LbL (PEI/HSA), thin film was prepared on a planar
quartz plate using general dipping procedure.” The cleaned
quartz slide was immersed repeatedly into the PEI and
HSA solution, which created multilayers of PEI/HSA. The
formation of the alternate LbL assembly was confirmed by
using visible absorption spectroscopy. An iron-tetraphenyl-
porphyrin derivative (Figure S2 in the Supporting Informa-
tion) was incorporated into HSA to enhance the absorp-
tion.?! The initial layer of PEI showed no spectrum in a
range of A=350-700 nm. Whereas, the second layer of HSA,
laid down on the first PEI film, exhibited intense absorb-
ance at A =428 nm, which is attributed to the Soret band of
the incorporated porphyrin. The absorbance at A =28 nm in-
creased linearly with the number of HSA layers, indicating
film growth of (PEI/HSA), (Figure 5a). The combination of
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Figure 5. a) UV absorbance at =280 nm of LbL (PEI/HSA), and (PLA/
HSA), thin film on the planar quartz plate. b) CD spectral changes of
LbL (PEI/HSA), thin film on the quartz plate (n is the number of the

PEI/HSA bilayers). The dashed line is the CD spectrum of the (PEU/
HSA); film after immersion into CH,Cl, for 5 min.

PLA and HSA also provided a similar LbL assembly. The
CD spectra of the obtained (PEI/HSA), thin film on the
quartz plate showed the same pattern as that of an aqueous
solution of HSA (Figure 5b). The negative CD intensities at
A=208 and 222 nm decreased in direct relation to the
number of bilayers. These results suggest that the secondary
structure of HSA between the polycations is probably the
same as that in aqueous solution. Moreover, the CD spec-
trum of the flat (PEI/HSA)s thin film was absolutely un-
changed after immersion into CH,Cl, solution for 5 min.
This means that our quick etching procedure of the PC tem-
plate by exposure into CH,Cl, does not denature the pro-
tein.
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The stability of the protein nanotube in aqueous solution
was also evaluated. The (PLA/HSA); nanotubes (outer di-
ameter = ~420 nm) fixed onto the filter membrane were im-
mersed into water with different pH (7.0, 4.0, and 1.5) and
time course of the released HSA content was monitored by
measuring the absorbance of the solution at A =280 nm (Fig-
ure S3 in the Supporting Information). No significant
change was observed in the absorption spectrum at pH 7.0
over a period of 48 h, which indicated that the (PLA/HSA),
nanotubes were very stable and did not liberate HSA in
neutral water. On the other hand, the tubules were decon-
structed and released the protein at pH 4.0; approximately
95% of HSA was dissociated from the tubes within 2 h. The
decomposition kinetics accelerated at pH 1.5. The decon-
struction of the LbL assembly of PLA/HSA could be caused
by the surface charge conversion of HSA at low pH below
the pI value (4.8). It suggests that the protein nanotubes can
release the proteins in a controlled manner by changing pH
value of the solution.

These systematic results for (PLA/HSA), nanotubes en-
couraged further research to fabricate other protein nano-
tubes. We decided to vary the size of the protein to charac-
terize its effect on the thickness of the tube wall. Ferritin
(M, =460 kDa) is an iron-storage protein comprising 24
identical subunits, which assemble to form a hollow shell
with 12 nm diameter.”™ Up to 4,500 iron atoms are stored
within this cage as a ferric hydrous oxide phosphate core
(8 nm). The three-cycle LbL depositions of PLA and ferritin
into the 400 nm PC template yielded well-defined (PLA/fer-
ritin); nanotubes with outer diameter of 420+48 nm (Fig-
ure 6a). Careful inspection of the SEM images revealed that
the wall thickness (55+5nm) was greater than that of
(PLA/HSA);. To our surprise, plenty of small particles were
visible on the surface (Figure 6b); they might be the ferritin
molecules under the initial layer of PLA. Magnified pictures

Figure 6. a,b) SEM images and c) TEM images of (PLA/ferritin); nano-
tubes prepared by LbL deposition into porous PC template with a D,=
400 nm. The TEM sample was not stained with contrast agent. d) SEM
images of (PLA/ferritin); nanotubes prepared using 800 nm porous PC
template.
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showed the significant differences between the ferritin nano-
tubes and HSA nanotubes (Figure S4 in the Supporting In-
formation). These unique structural properties are attributed
to the large size of the protein. Subsequent TEM measure-
ment of the dried sample without staining clearly revealed
the cylindrical shape of the tube caused by the iron mineral
core in ferritin (Figure 6¢). Under high magnification, the
individual iron cluster of 8 nm was detected as small dots in
the tubular wall (Figure 6¢ inset). Elemental analysis of the
nanotubes using energy dispersive X-ray (EDX) spectrosco-
py verified the presence of iron as a component of the struc-
ture (Figure S5 in the Supporting Information).

Nanotubes including the dioxygen storage hemoprotein,
myoglobin (Mb, M, =17kDa, 2.5x3.5x4.5nm),* were
also fabricated in the same manner using PLA and PEI. The
respective wall thicknesses of the (PLA/Mb); and (PEI/
Mb); nanotubes were 31+4nm and 26+4 nm, which are
markedly smaller than those of (PLA/ferritin);, (PLA/
HSA);, and (PEI/HSA), (Figure 7a,b). The Mb nanotubes

600 nm

i

Figure 7. a) SEM image of (PLA/Mb); nanotubes and b) SEM images of
(PEI/MD); nanotubes. These tubes were prepared by using a 800 nm
porous PC template.

were fragile; in some instances, surface layers of the tubules
had been partly peeled off (Figure 7b inset). The large ferri-
tin provides a thicker wall and the small Mb confers a thin-
ner wall than that of HSA under the same synthetic proto-
cols. Based on these results, we can conclude that the wall
thickness of the protein nanotube is dependent on the glob-
ular size of the protein.

Conclusion

Protein nanotubes comprised of an alternate layer-by-layer
assembly of human serum albumin, ferritin, and myoglobin
with a polycation were prepared by means of a templating
synthesis by using a porous PC membrane. The poly-L-argi-
nine and polyethylenimine polycations were effective as an
electrostatic glue for holding the protein layer together. The
extraction of the nanotube from the template was achieved
by immersing the PC membrane into the dichloromethane
solution. The protein/polycation nanotubes can be harvested
by filtration. It became apparent that the outer diameter of
the nanotube can be modulated by the pore diameter of the
template and that the tube wall thickness was dependent on
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the globular size of the protein at the same number of depo-
sition cycles. These cylindrical hollow architectures of pro-
teins will engender development of a new field of smart
nanotubes that can be used practically in various applica-
tions.

Experimental Section

Materials and apparatus: All reagents were purchased from commercial
sources as special grades and were used without further purification. Re-
combinant human serum albumin (HSA) expressed in Pichia pastoris,
myoglobin (Mb) from equine skeletal muscle, ferritin from equine
spleen, poly-L-arginine hydrochloride (PLA, M, =15,000-70,000), and
HSA-fluorescein isothiocyanate conjugate (FITC-HSA) were purchased
from Sigma. Polyethylenimine branched (PEI, M, =25,000) was pur-
chased from Aldrich. The water was deionized by using a Millipore Elix
and Simpli Lab-UV. The UV-vis absorption spectra were recorded by
using an Agilent 8453 UV-visible spectrophotometer with an Agilent
89090 A temperature control unit. The CD spectra were measured by
using a Jasco J-820 circular dichrometer between 195-255 nm.

Templating synthesis of polycation/protein nanotubes: Typically, the
(PLA/HSA); nanotubes were prepared as follows. The track-etch poly-
carbonate (PC) membrane (Isopore membrane, ¢=25mm, D,=400 or
800 nm; Millipore Corp. or Cyclopore membrane, ¢=25mm, D,=
200 nm; Whatman Corp.) was fixed into a micro-syringe filter holder
(25 mm; Millipore Corp.). The potassium phosphate buffer (p.b.) solution
(pH 7.0, 10 mm, 10 mL) of PLA (1 mgmL™") containing 0.1m NaCl was
injected into the filter using a syringe pump (0.5 mLmin~") to adsorb pos-
itively charged PLA onto the pore walls of the PC membrane. Deionized
water (10 mL) was then passed through the membrane (1.0 mLmin™") to
remove excess PLA and dried under certain vacuum for 10 min. Next,
the p.b. solution (pH 7.0, 10 mm, 10 mL) of HSA (2 mg/mL) was filtered
the membrane (0.5mLmin™") to produce a second layer of negatively
charged HSA. After washing with water (10 mL, 1.0 mL min~"), the mem-
brane was dried under vacuum (10 min). These pressure infiltrations
were repeated for three or six cycles. The positively charged PLA and
negatively charged HSA alternately deposit onto the pore surface of the
PC membrane to form the electrostatic LbL film of PLA/HSA. The ob-
tained hybrid membrane was rinsed by using deionized water and air-
dried for 12 h at room temperature. The top and bottom surfaces of the
membrane were wiped carefully using a cotton swab with water to
remove the adherent material. Finally, to release the nanotubes, the PC
template was dissolved by exposure into a CH,Cl, solution. The liberated
nanotubes were collected by vacuum filtration with a tetrafluoroethylene
membrane (Omnipore membrane, pore-size 0.1 um; Millipore Corp.) and
washed several times with CH,Cl,. Other polycation/protein (PEI/HSA,
PLA/Mb, PEI/Mb, ferritin/PLA) nanotubes were fabricated using the
same procedure. For these preparations, the p.b. solution (pH 8.5, 10 mm,
10 mL) of Mb (2.0 mgmL™"), p.b. solution (pH 7.0, 10 mm, 10 mL) of fer-
ritin (2.0 mgmL™"), and aqueous solution (10 mL) of PEI (2.0 mgmL™")
containing 0.1 M NaCl were used.

SEM, TEM, and CLSM observations: For SEM measurements, the sam-
ples on the Omnipore membrane were sputter-coated with Pd-Pt using a
Hitachi E-1045 Ion Sputter. The SEM observations were performed
using a Hitachi S-4300 Scanning Electron Microscope operated at an ac-
celerating voltage of 10 kV. For each sample, at least 30 different nano-
tubes were measured to obtain an average size of outer diameter and
wall thickness. For TEM observations, the obtained tubules were redis-
persed into CH,Cl,; a droplet of the solution was placed onto a carbon-
coated copper grid (150 mesh), which was lightly hydrophilized by a
JEOL Datum HDT-400 hydrophilic treatment device. The dried samples
were then stained with aqueous 0.25% uranyl acetate. After removal of
the excess fluid using filter paper, the grids were air-dried at room tem-
perature. The obtained specimens were observed using a JEOL JEM-
1011 Electron Microscope with accelerating voltage of 100 kV. The EDX
spectra were measured by a Gresham/Kevex 6474 detector attached to a
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Hitachi H8100 A Electron Microscope. The CLSM measurements were
performed by using a Carl Zeiss LSM 510 Laser Scanning Microscope.

Stability evaluations of nanotubes: The dried Omnipore membrane was
filtered with the (PLA/HSA); nanotube solution and was then cut into
pieces and immersed into a p.b. solution (pH 7.0, 10 mm), citric acid
buffer solution (pH 4.0, 10 mm), or acidic water (pH 1.5) prepared by ad-
dition of HCI (1N). Each solution was incubated at 22°C accompanied
by gentle shaking. The UV absorption spectra of the supernatants were
measured at defined time intervals for assay of the free HSA content.
The released HSA concentration was calculated from the absorbance at
A=280 nm.

Preparations of LbL polycation/protein thin films on planar quartz plate:
The quartz plate (9x35x1 mm), which had been cleaned by using pira-
nha solution, was first immersed into the aqueous solution of PEI
(2 mgmL™"), which contained NaCl (0.1 m) for 10 min to absorb positively
charged PEI on the smooth surface. After washing with deionized water
three times, the quartz plate was dried with N,-gas flow for 10 min. The
plate was then immersed into the p.b. solution (pH 7.0, 10 mm) of HSA
incorporating iron-tetraphenylporphyrin derivative® (2 mgmL™") for
10 min to make a second layer of HSA. This was repeated for several
cycles, which engendered formation of multilayered PEI/HSA thin films
on the quartz plate. The LbL PLA/HSA film was prepared by using the
same procedure.
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