Molecular Capture in Protein Nanotubes
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here is much current interest in syn-

thesizing cylindrical hollow struc-

tures by template synthesis using a
nanoporous membrane.' 3 In particular, the
alternate layer-by-layer (LbL) assembly
technique, which involves multilayer build
up onto the channel surface, enables cre-
ation of various kinds of nanotubes com-
posed of many combinations of
materials.* '° A typical example is polymer
cylinders made of a pair of oppositely
charged synthetic polyelectrolytes that in-
teract via electrostatic interaction.”' "7 The
outer diameter, length, and composition of
the cylinder wall can be modulated accord-
ing to the pore diameter, membrane thick-
ness, and the particular combination of
polymers used for their production. Pro-
teins are naturally occurring polyelectro-
lytes showing versatile biochemical reactiv-
ity. Artificial mutants having unique
functional responses that are never seen in
nature may also be produced using genetic
engineering. Consequently, protein nano-
tubes have attracted considerable attention
because of their potential biomedical appli-
cations, such as drug delivery, biomolecu-
lar separation, and enzymatic reactions.'8~24
Nanotubes present several advantages
over nanospheres. First, nanotubes can pos-
sess different interior and exterior surfaces
independently. It is therefore possible to
construct a one-dimensional space interior
for specific reactions and a biocompatible
surface exterior that can be tailored to tar-
get specific tissues or to respond to particu-
lar stimuli. Second, nanotubes have open-
end terminals, which may be useful for
delivery applications. Large quantities of
guest molecules can be readily loaded and
released without structural change. Third,
nanotubes can have long circulation persis-
tence in vivo. Discher et al. reported that
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ABSTRACT We describe molecular capturing properties of protein nanotubes with a controllable ligand
binding affinity and size selectivity. These practical biocylinders were prepared using an alternating layer-by-
layer (LbL) assembly of protein and oppositely charged poly(amino acid) into the nanoporous polycarbonate (PC)
membrane (pore diameter, 400 nm), with subsequent dissolution of the template. The tube wall typically
comprises six layers of poly-L-arginine (PLA) and human serum albumin (HSA) [(PLA/HSA);]. Use of high molecular
weight PLA (M,, = ca. 70 000) yielded robust nanotubes, which are available as lyophilized powder. The (PLA/
HSA); nanotubes swelled considerably in water, although the outer diameter was almost unaltered. Uranyl ion,
3,3'-diethylthiacarbocyanine iodide, and zinc(ll) protoporphyrin IX (ZnPP) were bound to the HSA component in
the cylinder wall. Similar nanotubes comprising recombinant HSA mutant [rHSA(His)], which has a strong binding
affinity for ZnPP, captured this ligand more tightly. Furthermore, addition of excess myristic acid released ZnPP
from the tubes through a ligand replacement reaction. The hybrid nanotubes bearing a single avidin layer as an
internal surface captured FITC-biotin efficiently. Biotin-labeled nanoparticles are also incorporated into the tubes
when their particle size is sufficiently small to enter the pores. Subsequent TEM observation revealed a line of
loaded nanoparticles (100 nm) in the one-dimensional space interior.

KEYWORDS: protein - nanotube - template - assembly - human serum albumin

polymer cylinders of 8 pm length remained
in the bloodstream of rats up to 1 week af-
ter intravenous injection, about 10 times
longer than spherical particles of the same
composition.?> Nevertheless, few reports
describe smart nanotubes composed of
natural or recombinant proteins. Martin et
al. first reported the synthesis of glucose ox-
idase nanotubes using a hard porous Al,O3;
membrane. Each protein layer was cross-
linked by glutaraldehyde, and the template
was dissolved by chemical etching with 5%
phosphoric acid.’® Unfortunately, many
tubes were broken during the membrane
dissolution process. Li et al. prepared (cyto-
chrome ¢/PSS)s nanotubes [PSS: poly(styre-
nesulfonate)] using an Al,O; membrane,
which should be dissolved also in acidic
conditions.?? We recently demonstrated the
synthesis of several nanotubes composed
of a combination of negatively charged pro-
tein and positively charged polycation,
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Scheme 1. (A) Synthesis of protein nanotubes by LbL deposition technique using nanoporous PC membrane. (B) Schematic
illustration of (PLA/HSA); nanotube prepared using a 400 nm porous PC template.

for example, human serum albumin (HSA) and poly-L-
arginine (PLA), using a porous polycarbonate (PC) mem-
brane.” The template can be dissolved rapidly in
CH,Cl, and the liberated tubules are collected by
vacuum filtration. However, this extraction process re-
sults in significant physical deformation of the nano-
tubes, which appear crumpled on the filter surface. In
this paper, we describe a new procedure in which the
tubes were carefully extracted from the PC template us-
ing N,N-dimethylformamide (DMF) and rapidly freeze-
dried to yield a lyophilized powder that was readily dis-
persed in aqueous solution. Using this method, we
generated several different HSA-based nanotubes and
characterized the molecule-capturing capabilities of
their cylindrical walls and one-dimensional pore space
interiors. Our results constitute a new chemistry of pro-
tein nanotubes that may serve as bioseparation de-
vices with a controllable ligand binding affinity and size
selectivity.

RESULTS AND DISCUSSION

Extraction of Protein Nanotubes from PC Template. We previ-
ously demonstrated the primary synthesis of protein
nanotubes using the LbL deposition technique with a
track-etched PC membrane.?® Typically, three cycles of
injection of the PLA solution followed by the HSA solu-
tion into the nanoporous membrane (pore diameter, D,
= 400 nm) yielded uniform (PLA/HSA); cylinders after
dissolution of the PC template with CH,Cl,. The released
nanotubes were filtered carefully under reduced pres-
sure using tetrafluoroethylene membrane (100 nm pore
size). However, this procedure is problematic for two
reasons. First, the tubes are not sufficiently strong to
survive vacuum filtration and air-drying, so many of
them become crumpled and lose their tubular struc-
ture. Second, it is difficult to disperse the nanotubes
into water since they tended to adhere to the top of the
fluorinated membrane. To develop these promising
biocylinders as a novel advanced material, we must ex-
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tract them without deformation from the PC frame-
work. Herein, we present two important techniques
used for extraction of the cylindrical cores from the
channels (Scheme 1).

First, the etching solvent was changed to DMF. The
tube damage in this polar amide solvent was appar-
ently negligible compared to that in other possible re-
agents. Second, PLA with a high molecular weight (M,,
= ca. 70 000) was exploited as an electrostatic glue for
the mutual cohesion of the albumin protein layers. This
provided more robust nanotubes compared to those
obtained using a PLA with lower molecular weight (M,
= 25000—70000). Third, as the most important alter-
ation, the liberated protein nanotubes were quickly
freeze-dried, yielding lyophilized powder as many
pieces of the thin film (~4 mm?). Surprisingly, these
pieces were composed of beautiful arrays of (PLA/HSA);
nanotubes, with an outer diameter of 407 = 13 nm
and wall thickness of 50 = 4 nm, as revealed by SEM ob-
servations (Figure TA—D). When the PC/protein mem-
brane was immersed into the DMF solution, the po-
rous PC support disappeared immediately and the
neighboring nanotubes caused stacking, thereby form-
ing such a highly ordered arrangement. The maximum
length of the tubules (ca. 9 pm) corresponded to the PC
membrane pore depth (Figure 1A,D). Shorter or forked
nanotubes were also present because the template
channels are sometimes not continuous throughout
the film. We have successfully developed efficient
methods to extract protein nanotubes from the PC
membrane. This procedure is likely to be applicable to
preparations of any cylindrical hollow structures com-
posed of various biomolecules.

Approximately 150 pg of the (PLA/HSA); nano-
tubes is harvested regularly using a 400 nm porous PC
membrane (25 mm ¢), in which ca. 3.0 X 10° effective
channels exist. We dispersed the obtained white pow-
der in acidic water (pH 3.5) to dissolve the LbL assem-
bly structure and determined the HSA concentration in

www.acsnano.org



the solution by measuring the absorbance at 280 nm.
On the basis of these results, it became apparent that
one nanotube (ca. 9 um length) contains ca. 2.1 X 10°
molecules of HSA.

Wall Thickness of Nanotubes in a Dried State. The (PLA/
HSA); nanotubes were prepared reproducibly using
the PC templates with different pore diameters (D, =
200, 400, and 800 nm) (Supporting Information Figure
S1). The wall thickness was 48—53 nm, independent of
the D, value at the three-cycle depositions (Supporting
Information Table S1). We proposed a six-layered cylin-
der model, in which each HSA layer has single-protein
thickness. This model is based on the general principle
of LbL membrane growth. The negatively charged HSA
binds to the positively charged surface of the PLA layer
via electrostatic attraction and reverses the surface
charge to negative. The monomolecular protein layer
turns over the net charge.?’ Subsequently, the next PLA
solution makes a new cationic surface on the HSA layer.
The average thickness of a PLA/HSA bilayer in our nan-
otubes is estimated as 16.7 nm. If we assume the di-
mensions of HSA to be 8 nm from the data of the single-
crystal structure?~28 and small-angle X-ray scattering
analyses,? then the PLA layer thickness is 8.7 nm. In
general, multilayers prepared using LbL assembly
within the nanoporous template are thicker than those
of corresponding thin films fabricated on a planar sub-
strate with the same number of deposition cycles. Co-
hen et al. created (PAH/PSS),45 nanotubes [PAH: poly(al-
lylamine hydrochloride)] in the porous PC membrane
using a simple immersion and drying technique.” The
wall thickness was 250 nm (ca. 10 nm/bilayer), com-
pared to 155 nm on a flat Si wafer (ca. 6 nm/bilayer). Li
et al. synthesized (PAH/PSS); nanotubes in the porous
Al,03 membrane using pressure injection.’? The wall
thickness was 50—80 nm (16.7—26.7 nm/bilayer), sig-
nificantly greater than observed in a smooth configura-
tion.3° Furthermore, Jonas et al. reported an unexpect-
edly large thickness of the first bilayer (50—120 nm) of
poly(vinylbenzyl ammonium chloride) and PSS, which
was prepared using vacuum filtration.'” It was 1—2 or-
ders of magnitude thicker than that of corresponding
flat bilayer on a Si wafer (1—3 nm). In view of these in-
vestigations, we reasoned that the mode of LbL growth
of multilayers in the channel under a certain degree of
pressure differs from what occurs during the simple
immersion—drying cycle deposition into a pore: the
former technique increased the tubes’ wall thickness.
Several key factors, such as molecular weight and con-
centration of polymers, ionic strength and pH of the so-
lutions, force of pressure, flow rate, and drying time dur-
ing the cycle are likely to govern the thickness of the
tube wall. The formation details of the polyelectrolyte
and protein layers in the porous PC membrane remain
unclear in some respects. However, the PLA layer thick-
ness (8.7 nm) in our nanotube is between the reported
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porous PC template. The lyophilized powders comprise numerous arrays
of highly oriented nanotubes.

values for general polyelectrolyte layers prepared in
the porous template under pressure conditions.'?!”
Normally, for two-cycle filtrations, (PLA/HSA), was in-
sufficient to obtain firm nanotubes. For large pores (D,
= 800 nm), the (PLA/HSA); cylinders were somewhat
fragile, but the six-cycle filtrations (12 layers) provided
stiffer nanotubes (Supporting Information Figure S1).
Structures of Protein Nanotubes in Water. The lyophilized
(PLA/HSA); nanotube powder (ca. 50 pg) was sus-
pended in sodium phosphate buffered (PB) solution
(10 mM, pH 7.0, 1.5 mL) or deionized water, yielding a
homogeneous and slightly turbid dispersion. The SEM
images of the evaporated sample on the silicon wafer
showed only collapsed aggregates. Our protein nano-
tubes were unable to endure on the hydrophobic solid
surface. To observe the morphology and stability of the
(PLA/HSA); nanotubes in water, the aqueous disper-
sions were freeze-dried in vacuo at 2, 12, and 24 h after
their preparation. Subsequent SEM measurements of
the resultant powder revealed that all tubules swelled
considerably. Their wall thickness doubled (104 = 5 nm
after 2 h, 106 = 5 nm after 12 h, and 111 = 6 nm after
24 h) compared to that of the dried form (Figure 2A,B).
It is noteworthy that the direction of the swelling was
toward the inside of the hollow and that the outer di-
ameter was unaltered. As a result, a drastic reduction of
the inner diameter was found (307 nm — 202 nm af-
ter 12 h). This structure is likely to be identical to the
fully swollen (PLA/HSA); after the LbL growth in the
template. To confirm this, we performed SEM measure-
ments of the freeze-dried (PLA/HSA); nanotubes em-
bedded within the PC membrane channels. Under
these conditions, the wall thickness was ca. 100 nm (Fig-
ure 20), the same as that of the isolated nanotube in
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Figure 2. (A,B) SEM images of the lyophilized sample of aqueous dispersion of (PLA/HSA); nanotubes (12 h after prepara-
tion). (C) SEM images of lyophilized (PLA/HSA); nanotubes embedded in PC template (D, = 400 nm).

aqueous media. We presumed that slow evaporation
of water from the wet tubes occurs in the template
channel and that a certain degree of shrinkage of the
multiple layers takes place in keeping the outer diam-
eter constant. In this dried wall, a gradient of the molec-
ular density might form. Consequently, the liberated
protein nanotubes spontaneously returned to their
swollen structure by water uptake (ca. 400 nm outer di-
ameter, ca. 100 nm wall thickness). These morpholo-
gies were stable for 24 h; some tubes deformed gradu-
ally after 72 h.

The average thickness of a bilayer of PLA/HSA is es-
timated as 33 nm in a swollen state. Under the assump-
tion that the dimensions of HSA do not change mark-
edly (=8 nm),?6~% the PLA layer thickness might be 25
nm, which is apparently large but still similar to that of
the polyelectrolyte layers in the tubes prepared under
pressure. We estimate the swelling ratio of the PLA layer
(apa) defined as a ratio between the section area in
swollen state and that in dried state. The swelling ratio
of PLA is

3
Opia = 2[“{@5 = k= DTpp, — k — D)
k=1
— (D5 = kTop, — (k — DTyl 4V
3

DDy — (k= Do, = k — DTyn)?

k=1
— (D5 — kTPLAd — k= 1)THSA)2}/4] m

where D and Dy, respectively, represent the outer diam-
eters of the nanotubes in swollen and dried states,
Tusa is the thickness of the HSA layer,~2° and Tps, and
Tea, respectively, represent thicknesses of the PLA lay-
ers in swollen and dried states. The ap 4 was calculated
as 2.5, which is similar to published values for general
synthetic polyelectrolytes (1.2—4.0).3'32

The biological function of HSA in the tube will only
be retained if the protein structure is preserved. In our
earlier work, we fabricated a LbL thin film of (PEI/HSA),
(PEI: polyethyleneimine) on the flat quartz plate and re-
ported that the CD spectral pattern and intensity of
the HSA layer increased in proportion to the layer num-
ber.2 Those results imply that the secondary structure
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of HSA is unaffected by complexation with PLA. Here
we employed FT-IR spectroscopy to characterize the
protein amide | band at 1650—1660 cm ™" (mainly at-
tributed to G0 stretching vibrations) and amide I
band at 1540—1560 cm ™! (C—N stretching coupled
with N—H bending vibrations). Both are sensitive mark-
ers of the change of the protein secondary structure. 334
Since the polypeptide backbone of PLA also contrib-
utes to the IR spectrum, we prepared (PEI/HSA); nano-
tubes using high molecular weight PEI (M,, = 70 000)
following the same synthetic protocol. The tubes pre-
pared in this manner were dispersed in water and again
freeze-dried. The amide | and Il bands of free HSA ap-
peared at 1656 and 1545 cm ™', respectively (Support-
ing Information Figure S2), and are quite similar to the
values reported elsewhere.333* The (PEI/HSA); nano-
tubes also demonstrated two intense amide | and Il
bands at completely the same positions as free HSA.
Our FT-IR studies show no marked difference in the pro-
tein secondary structure between the free HSA and
HSA components in the nanotubes.

Molecular Capture by the Cylindrical Walls. HSA is the most
prominent plasma protein in the human circulatory sys-
tem and acts as a transporter or depot of insoluble en-
dogenous and exogenous compounds, such as fatty ac-
ids, hemin, bilirubin, thyroxine, metal ions, and a broad
range of drugs.3>% If the HSA components in the (PLA/
HSA); nanotubes retain their original ligand binding
ability, the tubules are also able to bind the molecules.

Uranyl ion (UO,%"), a widely used negative staining
agent for TEM, binds strongly to the subdomain IIB of
HSA.3” TEM observations of lightly stained (PLA/HSA);
nanotubes using 0.05% uranyl acetate yielded positive
images of the cylindrical hollows (Figure 3A), indicating
that the UO,2* binds to the protein nanotubes. Remark-
ably, the inner wall of the cylinder was somewhat dark,
perhaps because the sixth and most accessible layer of
the nanotube was constituted of HSA. Use of 0.25% ura-
nyl acetate yielded a much darker image, in which the
nanotubular wall was fully stained (Figure 3B). Never-
theless, it is still evident that the inner wall of the hol-
low was more strongly stained than the outer PLA layer.
In contrast, staining by 0.5% (1-thio-p-
glucopyranosato)gold (Glu-Au) elicited negative im-
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Figure 3. TEM images of (PLA/HSA); nanotubes stained with (A) 0.05% UO,(AcO),, (B) 0.25% UO,(AcO),, and (C) 0.5% Glu-
Au.

ages because Glu-Au cannot penetrate the multilay-
ered 100 nm thick walls (Figure 3C). All of these results
show that the (PLA/HSA); nanotubes capture the UO,>*
ions into their HSA layers.

Next, we exploited 3,3’-diethylthiacarbocyanine io-
dide (DTC), which is a positively charged fluorescent
ligand for HSA with a binding constant (K) of 1.1 X 10*
M~138 The DTC was added to the PB solution (pH 7.0, 10
mM) of the (PLA/HSA); nanotubes ([DTC] = 0.2 uM).
Then the mixture was incubated for 3 h in the dark at
room temperature. The resultant dispersion was centri-
fuged for 10 min at 4000g to remove the tubes. The
fluorescence intensity of the supernatant was signifi-
cantly lower (36%) than that of the identically treated
DTC solution without the tubes (Figure 4A(i))). Incuba-
tion with the (PLA/PLG); nanotubes, in which poly-L-
glutamic acid sodium salt (PLG) was used instead of
HSA, did not decrease the fluorescence intensity of the
DTC solution. This implies that the HSA layer is required
to capture the DTC, and a nonspecific adhesion of the
ligand onto the outer surface of the tube is excluded.
Here two binding modes are feasible: (i) DTC is bound
only to the inner surface layer (sixth layer) of HSA or (ii)
DTC can diffuse into the swollen wall and is bound to
the all HSA layers. To clarify this point, we fabricated
(PLA/HSA)sPLA nanotubes, in which the internal sur-
face of HSA was blocked by an additional PLA layer. The
fluorescence of DTC solution with the (PLA/HSA)sPLA
nanotubes declined to 36% of the control, which is pre-
cisely the same result as that of the (PLA/HSA); nano-
tubes (Figure 4A(i)). On the basis of these results, it can
be concluded that the rapid diffusion of DTC through
the tubular wall occurs and the ligand is bound to the
HSA components (Figure 4B). The ratio of the DTC/HSA
was estimated as ca. 0.6/1 (mol/mol).

Rhodamine 123 (R123) is a positively charged fluo-
rescent dye that is often used to monitor the mem-
brane potential of mitochondria but is not a ligand for
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HSA.3 The same fluorescence measurements showed
that neither (PLA/HSA); nor (PLA/HSA)sPLA nanotubes
interacted with R123 (Figure 4A(ii),B), consistent with
our expectation.

()DTC (i) R123

——: without tube
——: (PLA/HSA);
——: (PLA/HAS)sPLA
—: (PLA/PLG)s

Fluorescence Intensity >

Ex. 550 nm Ex. 507 nm

T T T T T
560 600 640 680 520 560 600 640 680

Wavelength (nm)

HSA-DTC

Figure 4. (A) Fluorescence spectra of the PB solution (pH 7.0, 10 mM)
of (i) DTC (0.2 M) and (ii) R123 (0.2 M) after incubation with protein
nanotubes, with subsequent centrifugation (4000g, 10 min). (B) Sche-
matic illustration of ligand capture in (PLA/HSA); nanotubes. The DTC
diffuses in the cylindrical wall and is bound to the HSA layers of the

tubes.
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Figure 5. (A) Crystal structure of HSA—FePP complex (code: 109X*?).#* Here, FePP is shown in a space-filling representation.
(B) Structural models of HSA complexed with FePP or ZnPP in subdomain IB. In HSA (wild-type), Tyr-161 axially coordinates
to the central metal ion of porphyrin. In rHSA(His), His-142 coordinates to the central metal of porphyrin from the opposite

side of the ring plane.

It is known that hemin [iron(lll) protoporphyrin IX,
FePP] dissociated from methemoglobin is captured by
HSA in the human circulatory system and then trans-
ported to the liver for catabolism.*® Crystallographic
studies of the HSA—FePP complex revealed that the
FePP was bound within a D-shaped hydrophobic cav-
ity in subdomain IB of HSA (Figure 5A).4'*2 The central
iron atom is weakly coordinated by phenolate oxygen
of Tyr-161 (Figure 5B). We found that zinc(ll) protopor-
phyrin IX (ZnPP) is also accommodated into the same
pocket with a binding constant of 4.4 X 10° M, and
that the HSA—ZnPP complex acts as a photosensitizer
for hydrogen generation from water.** The fluorescence
intensity of the ZnPP solution incubated with the (PLA/
HSA); nanotubes decreased to 13% relative to that of
the identically treated ZnPP solution without the tubes
(Figure 6A(i)). The following results strongly suggest
that the ZnPP diffuses in the tube walls and mainly
binds to the three layers of HSA: the fluorescence inten-
sity of the ZnPP solution mixed with the (PLA/HSA);PLA
nanotubes declined to 10% of the control value (Fig-
ure 6A(i)), whereas 82% fluorescence remained after in-
cubation with the (PLA/PLG); nanotubes (data not
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shown). The ratio of ZnPP/HSA was estimated as ca.
0.7/1 (mol/mol).

Using site-directed mutagenesis, we can confer an
0, binding capability on the HSA—FePP complex.*>4¢
In particular, triple mutations in subdomain IB, (i) intro-
duction of His into the lle-142 position, (ii) replacement
of the coordinated Tyr-161 by the hydrophobic Phe,
and (iii) insertion of Asn into the Leu-185 position as a
distal base created an artificial heme pocket involving a
axial His-142 ligation to the prosthetic FePP group (Fig-
ure 5B).*4 The reduced form of the recombinant HSA
mutant [rHSA(His)]—Fe(I)PP complex reversibly binds
O, in much the same way as hemoglobin. The ZnPP is
also bound into this genetically engineered heme
pocket of rHSA(His).** The binding constant (K) of ZnPP
for rHSA(His) in 15% DMSO/PB solution was determined
as 1.4 X 106 M, which is three times higher than that
found for HSA (4.4 X 10° M~"). The axial coordination of
the imidazolyl group of His-142 to the central zinc(ll)
ion of ZnPP appears to enhance the binding affinity to
the protein. Then we prepared new nanotubes using
rHSA(His) instead of HSA: (PLA/rHSA(His)); nanotubes.
The TEM images of the dried sample showed formation

ZnPP

HSA-ZnPP

Figure 6. (A) Fluorescence spectra of 15% DMSO/PB solution (pH 7.0, 10 mM) of ZnPP (0.2 nM) after incubation with (i) (PLA/HSA); nan-
otubes or (ii) (PLA/rHSA(His)); nanotubes, with subsequent centrifugation (4000g, 10 min). (B) Schematic illustration of ZnPP capture in

(PLA/HSA); nanotubes. Addition of MA caused release of the loaded ZnPP.
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Figure 7. SEM images of (A) (PLA/HSA),PLA/PLG/Avi nano-
tubes prepared using a 400 nm porous PC template and (B)
lyophilized sample of their aqueous dispersion.

of similar cylinders with 412 = 11 nm outer diameter

(Supporting Information Figure S3). As expected, these
nanotubes captured ZnPP more effectively than nano-
tubes prepared with wild-type HSA. The free concentra-
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tion of ZnPP was reduced to 5% (Figure 6A(ii)), and the
binding ratio of ZnPP/HSA increased to ca. 0.8/1 (mol/
mol). The resuspended solution of the ZnPP-loaded
(PLA/rHSA(His))s; nanotubes showed fluorescence
maxima at 596 and 649 nm, indicating the axial His co-
ordination to ZnPP in the protein components.* The
combined structural and mutagenic approaches enable
us to enhance the molecular capturing properties of
the HSA nanotubes.

For practical applications, such as drug delivery and
molecular separation, the bound ligands should be re-
leased from the nanotubes.®'® Rubner et al. reported
drug release from the (PAH/PSS), nanotubes by drasti-
cally changing the solution pH.'® Here we exploited a
ligand replacement reaction of HSA to dissociate the
captured molecule at pH 7.0. Fatty acids are a typical
ligand for HSA.3>3 On the basis of systematic crystal
structure analyses, Curry et al. revealed seven binding
sites for fatty acids (C;o—Cy;) in HSA (FA sites 1—7).2728
One of them (FA site 1) is a common site with FePP,
which is a heme pocket in subdomain 1B* (Supporting
Information Figure S4), suggesting that the bound ZnPP
would be released by addition of excess moles of fatty
acid. As expected, addition of MA to the ZnPP-loaded
(PLA/HSA); nanotubes ([IMA] = 1 mM) caused a marked
increase of the fluorescence intensity up to 80% of the
control value within 10 min (Figure 6A(i)). This rapid re-
lease of ZnPP from the nanotubes can be attributed to

C

H o
o N\g'N\N\)LH/\:Nj
) ()
)

Avi-FITC-biotin

Figure 8. (A) Fluorescence spectra of PB solution (pH 7.0, 10 mM) of FITC-biotin (0.2 M) after incubation with (PLA/
HSA),PLA/PLG/Avi nanotubes, with subsequent centrifugation (4000g, 10 min). (Inset) Photograph of (left) PB solution of
FITC-biotin (0.2 M) and (right) supernatant treated with (PLA/HSA),PLA/PLG/Avi nanotubes. (B) Schematic illustration of
FITC-biotin capture in (PLA/HSA),PLA/PLG/Avi nanotubes. (C) CLSM image of FITC-biotin capture in (PLA/HSA),PLA/PLG/Avi

nanotubes (ex. at 488 nm).
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Figure 9. (A) Fluorescence spectra of supernatant of PB solution (pH 7.0, 10 mM) of (i) 100 nm biotin-FNPs (5.0 X 10'° par-
ticles/mL) and (ii) 250 nm biotin-FNPs (7.7 x 10° particles/mL) after incubation with (PLA/HSA),PLA/PLG/Avi nanotubes, with
subsequent centrifugation (4000g, 10 min). (B) Schematic illustration of biotin-FNP capture in (PLA/HSA),PLA/PLG/Avi nano-
tubes. (C) TEM images of (PLA/HSA),PLA/PLG/Avi nanotubes before and after incorporation of 100 nm biotin-FNPs.

the replacement of ZnPP by MA in the HSA compo-
nent. The remaining ZnPP (20%), which is probably lo-
cated in the PLA layer, did not emerge upon addition of
MA. For (PLA/rHSA(His)); nanotubes, the fluorescence
increased to 75% of the control value by addition of MA
(Figure 6B(ii)). The slightly lower release ratio could be
due to the strong binding affinity of ZnPP for rHSA(His).

Molecular Capture in Cylindrical Pores. To promote the bio-
specific capturing capability of the protein nanotubes
further, we introduced avidin (Avi, M,, = 68 000) as the
last layer of the tube wall. The Avi from egg white binds
four biotins with the highest affinity of any known pro-
tein (K> 10"> M~").#” We prepared (PLA/HSA),PLA/PLG/
Avi nanotubes using the same procedure. Because Avi
is a basic glycoprotein (isoelectric point = 10.0—10.5)
and has positive net charges at pH 7.0, the fifth PLA
layer was covered by an anionic PLG before Avi layer
fixation. The SEM images taken of the lyophilized
sample showed the formation of uniform cylinders
with an outer diameter of 403 = 10 nm and a wall thick-
ness of 59 = 5 nm (Figure 7A). Under aqueous condi-
tions, the multilayered walls swelled significantly by wa-
ter uptake in a similar fashion to that of the (PLA/HSA)3
nanotubes (Figure 7B) (416 = 11 nm outer diameter,
130 = 9 nm wall thickness).

As a ligand for this hybrid protein nanotube, we ex-
ploited 5-(6'-biotinamidohexanoylamino)-
pentylthioureidylfluorescein (FITC-biotin), which has a
long flexible spacer chain between the biotin and fluo-
rescein moieties. The fluorescence intensity of the PB
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solution (10 mM, pH 7.0) of FITC-biotin disappeared af-
ter incubation with the (PLA/HSA),PLA/PLG/Avi nano-
tubes (Figure 8A). Bleaching of the color was clearly ap-
parent (Figure 8A, inset), while supernatant treated
with the (PLA/HSA)sPLA nanotubes fluoresced as
strongly as the control solution, signifying that FITC-
biotin was bound to the single wall of the Avi layer (Fig-
ure 8B). The binding ratio of the FITC-biotin and Avi
was estimated to be ca. 3.4/1 (mol/mol). The FITC-
biotin-loaded (PLA/HSA),PLA/PLG/Avi nanotubes,
which were collected by centrifugation, fluoresced
strongly, as revealed by CLSM measurements (ex. at
488 nm) (Figure 8C). Similar (PLA/HSA);Avi nanotubes
could be also prepared, but they did not capture FITC-
biotin efficiently. The last avidin layer was probably not
deposited well on the HSA layer.

Finally, we attempted to capture fluorescent nano-
particles (FNPs) in the one-dimensional space interior
of the (PLA/HSA),PLA/PLG/Avi nanotubes. Fluorescent
latex beads bearing NH, groups on the surface (100 or
250 nm)*® were reacted with sulfosuccinimidyl-6-(6'-
biotinamidohexanoylamino)hexanoate, yielding bioti-
nylated FNPs (biotin-FNPs). The degree of the biotinyla-
tion of the NH, groups was determined using HABA
assay:* 48% for the 100 nm particles and 50% for the
250 nm particles.

The fluorescence intensity of the PB (10 mM, pH
7.0) solution of 100 nm biotin-FNPs (5.0 X 10'° par-
ticles/mL) was diminished after incubation with the
(PLA/HSA),PLA/PLG/Avi nanotubes (Figure 9A(i)), which
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suggests that the nanoparticles were incorporated into
the hollows (Figure 9B). In contrast, the decrease in fluo-
rescence was negligible after incubation with 250 nm
biotin-FNPs (7.7 X 10° particles/mL) (Figure 9A(ii)). This
difference showed that the larger biotin-FNPs cannot
enter the tube because the nanotube pores (ca. 200
nm) are smaller than the particle diameter (Figure 9B).
Careful inspection of the fluorescence spectrum re-
vealed that the average quantities of the 100 nm biotin-
FNPs captured into the pore were calculated as 161
per tube. This means that the occupancy ratio of the
particles in volume was 29%. The obtained TEM images
of the nanotubes collected by centrifugation showed a
line of the entrapped biotin-FNPs in the cylindrical pore
(Figure 9C). The filling ratio of the particles in the hol-
low from the TEM picture was 23%, which is broadly
equivalent to the value from the fluorescence measure-
ments. The red fluorescent nanotubes observed in
CLSM also supported the loading of 100 nm biotin-
FNPs into the tube (Supporting Information Figure S5).

CONCLUSIONS

We have shown that supramolecular templating
synthesis using nanoporous PC membrane combined
with dissolution of the template with DMF and freeze-
drying of the extracted cores can be used to prepare ro-
bust protein nanotubes. Notably, the powder obtained
from this procedure consisted of a thin layer sheet of

EXPERIMENTAL SECTION

Materials and Apparatus. Poly-L-arginine hydrochloride (PLA, M,,
= ca. 70 000), poly-L-glutamic acid sodium salt (PLG, M,, =
50 000— 100 000), human serum albumin (HSA, recombinant
product expressed by yeast species Pichia pastoris), rhodamine
123 hydrate (R123), 3,3'-diethylthiacarbocyanine iodide (DTC),
zinc(ll) protoporphyrin IX (ZnPP), and 5-(6'-
biotinamidohexanoylamino)pentylthioureidylfluorescein (FITC-
biotin) were purchased from Sigma-Aldrich Co. Avidin from egg
white (Avi), myristic acid (MA), and (1-thio-p-
glucopyranosato)gold (Glu-Au) were purchased from Wako Pure
Chemical Industries, Ltd. Polyethylenimine branched (PEI, M,, =
70 000) was purchased from Alfa Aesar. The water was deionized
(18.2 MQcm) using water purification systems (Elix UV and Sim-
pli Lab-UV; Millipore Corp.). The preparation protocol of recom-
binant human serum albumin 1142H/Y161F/L185N mutant
[rHSA(His)] was as described previously.*® The UV—vis absorp-
tion spectra were obtained using a UV—visible spectrophotom-
eter (8453; Agilent Technologies, Inc.) equipped with a tempera-
ture control unit (89090A; Agilent). Fluorescence emission
spectra were measured using a spectrofluorometer (FP-6500;
Jasco Inc.).

Template Synthesis of Protein Nanotubes. The protein nanotubes
were prepared according to our previously reported techniques
with several modifications. Typically, the (PLA/HSA); nanotubes
were prepared as follows. The track-etched polycarbonate (PC)
membrane (Isopore membrane, 25 mm &, pore diameter (D)
200, 400, or 800 nm; Millipore Corp.) was placed into a stainless
steel syringe holder (25 mm; Advantec Mfs, Inc.). The sodium
phosphate buffer (PB) solution (pH 7.0, 10 mM, 10 mL) of PLA (1
mg/mL) containing 0.1 M NaCl was first filtered through the
membrane (0.25 mL/min) using a syringe pump (PHD-2000; Har-
vard Apparatus). The positively charged PLA absorbed onto the
negatively charged pore surfaces of the PC template. Then ex-
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the uniform arrays of the tubes. The protein nano-
tubes swelled considerably under aqueous conditions.
We can confer molecular capturing capabilities on both
the cylindrical wall and one-dimensional space interior
using ligand—protein interactions. UO,?*, DTC, and
ZnPP are able to diffuse into the multilayered walls of
the tubules, where they are captured by HSA compo-
nents. Introduction of histidine into the subdomain 1B
of HSA by site-specific mutations enhanced the bind-
ing constant of ZnPP. As a result, the recombinant HSA-
based nanotubes can capture numerous ligands. Fur-
thermore, the bound ZnPPs are released to the bulk
aqueous solution by ligand replacement with MA be-
cause they bind competitively to the same position in
subdomain IB of HSA. The introduction of Avi layers as
an internal pore surface enables the nanotubes to en-
trap biotin derivatives tightly. Biotin-labeled FNPs were
also incorporated into the pores when their particle size
is smaller than the tube’s inner diameter. This suggests
that simply depositing a specific protein at the last layer
of the cylinders would enable us to create desired load-
ing and release systems to be used as separation de-
vices in biomedical fields. In some instances, nanotubes
having an antibody inner wall might conceivably be ex-
ploited as a size-selective trap for infectious viruses.
The flexibility of molecular architecture of the protein
nanotubes is stimulating efforts to develop an enzy-
matic chemical reactor.

cess PLA was washed by the filtration of deionized water (10
mL, 1.0 mL/min); the membrane was dried in vacuo for 10 min.
Next, the PB solution (pH 7.0, 10 mM, 10 mL) of HSA (2 mg/mL)
was injected (0.5 mL/min) to generate the second layer of nega-
tively charged HSA on the PLA surface. After washing with wa-
ter (10 mL, 1.0 mL/min) to remove loosely adsorbed protein, the
membrane was dried again under vacuum for 10 min. These
pressure infiltrations using the syringe pump were repeated for
three cycles. The oppositely charged PLA and HSA alternately de-
posit onto the PC membrane’s pore wall to grow the LbL thin
film of PLA/HSA. The PC membrane was then removed from the
holder, wiped gently using a cotton swab with water to elimi-
nate adherent layers that were present on the top and bottom
surfaces, and dried in an automatic low-humidity chamber (Su-
per Dry; Toyo Living Co. Ltd., Japan) for 12 h (humidity =1%). To
release the protein nanotubes from the PC template, the mem-
brane was immersed into a DMF solution at room temperature.
The porous PC was dissolved immediately, and the liberated
nanotubes were precipitated. The supernatant was discarded
carefully, and the remaining nanotubes were washed twice with
DMF. Finally, the dispersion was freeze-dried in vacuo (below 20
Pa), yielding the lyophilized (PLA/HSA); nanotubes as many small
pieces of thin film. Although tetrahydrofuran (THF) is also appli-
cable for dissolving the PC template, DMF yields good tubular
alignment.

Other protein nanotubes [(PLA/rHSA(His))s, (PLA/HSA),PLA/
PLG/Avi), and (PEI/HSA)s] were also fabricated using the same
procedure. The PB solution (pH 7.0, 10 mM, 10 mL) of PLG (1.0
mg/mL), rHSA(His) (2.0 mg/mL), and Avi (1.0 mg/mL) and the PB
solution (pH 7.0, 10 mM, 10 mL) of PEI (1.0 mg/mL) containing
0.1 M NaCl were used for the preparations.

Scanning Electron Microscopy (SEM) and Transmission Electron
Microscopy (TEM) Observations. For SEM measurements of the nano-
tubes, the lyophilized sample was fixed directly on the carbon

VOL. 4 = NO.1 = 563-573 = 2010 @ij

e

)

=4

571



tape and sputter-coated with Pd—Pt using an ion sputter (E-
1045; Hitachi Ltd.). The SEM observations were performed using
a scanning electron microscope (5-4300; Hitachi Ltd.) with an ac-
celerating voltage of 10 kV. To fix the swollen morphologies of
the nanotubes in water, the aqueous dispersion in the cryotube
was plunged into a liquid nitrogen bath and freeze-dried under a
vacuum. For each sample, at least 50 different nanotubes were
measured to obtain an average size of the outer diameter and
wall thickness.

For TEM observations, 3 pL of the aqueous solution of the
nanotubes was placed onto an elastic carbon-coated copper
grid (100 mesh; Okenshoji Co. Ltd.), which was hydrophilized us-
ing a hydrophilic treatment device (HDT-400; JEOL Datum). The
air-dried samples were then stained with 3 p.L of aqueous uranyl
acetate or aqueous Glu-Au. After 1 min, the excess fluid was re-
moved using filter paper and the grids were again air-dried at
room temperature. These specimens were observed using a
transmission electron microscope (JEM-1011; JEOL) with an ac-
celerating voltage of 100 kV.

FT-IR Measurements of Protein Nanotubes. The FT-IR spectra of the
KBr disk containing lyophilized powder of free HSA or (PEI/HSA);
nanotubes were measured using an FT-IR spectrophotometer
(FT/IR-4200; Jasco Inc.). The spectra at 4 cm ™! resolution were ac-
cumulated 64 times to improve the signal-to-noise ratio.

Preparation of Biotin-Labeled Fluorescent Nanoparticles (Biotin-FNPs).
Fluorescent latex nanoparticles bearing NH, groups on the sur-
face (100 and 250 nm diameter, Micromer-redF) were purchased
from Micromod Partikeltechnologie GmbH. The phosphate buff-
ered saline (PBS) solution (pH 7.4, 25 pL) of sulfosuccinimidyl-6-
(6"-biotinamidohexanoylamino)hexanoate (Pierce Biotechnol-
ogy, Inc.) (10 mg/mL) was added to the PBS solution of
Micromer-redF (100 nm) (9.1 mg/mL, 0.55 mL) (biotin/NH, group:
0.5/1). Then the mixture was stirred for 30 min in the dark at
room temperature. The nanoparticles were then washed with
PBS solution using centrifugal filter devices (Ultracel Y30; Ami-
con Inc.) and concentrated to the initial volume. The 250 nm par-
ticles were also biotinylated similarly. The biotin-labeled ratio of
the surface NH, groups of the nanoparticles was assayed using
Green's procedure with 2-(4’-hydroxybenzenazo)benzoic acid
(HABA; Fluka Chemika GmbH).*

Molecular Capture in Protein Nanotubes. The lyophilized powder
of the protein nanotubes (ca. 50 ug) was dispersed in the PB so-
lution (pH 7.0, 10 mM, 1.5 mL). Then the mixture was sonicated
for a few seconds and transferred to a 10 mm path length opti-
cal quartz cuvette. Ligand stock solutions were prepared in wa-
ter (R123), N-methyl pyrrolidone (DTC and FITC-biotin), DMSO
(ZnPP), or PBS (biotin-FNPs). Several microliters of the ligand so-
lutions (<1% of the total volume) were added to the nanotube
dispersions to achieve a typical concentration of 0.2 WM. For
ZnPP, the nanotubes were dispersed into 15% DMSO/PB solu-
tion because of the low solubility of ZnPP. The dispersion was
transferred to a glass tube and centrifuged for 10 min at 4000g
to collect the nanotubes. The fluorescence of the supernatant
was measured to assay the concentration of the noncaptured
free ligand in the bulk solution. An identically treated control
sample without nanotubes was always prepared simultaneously;
its fluorescence intensity was regarded as a 100% ligand concen-
tration. To release the bound ZnPP from the nanotubes, the
DMSO solution of MA was added (less than 2% of the whole vol-
ume) and heated briefly when MA was not sufficiently dissolved.

Determination of Binding Constant of ZnPP for HSA and rHSA(His). Bind-
ing constants (K) of ZnPP for HSA and rHSA(His) were deter-
mined using fluorescence quenching measurements of albumin
by ZnPP titration according to the literature.>® The fluorescence
of the HSA or rHSA(His) (2.5 .M) (ex. 280 nm) in PB solution (pH
7.0, 10 mM) including 15% DMSO was quenched upon binding
of ZnPP. The data were treated using the double-log method
[log(F, — F)/(F, — F.) vs log[ZnPP], where F, is the original fluo-
rescence of the protein, F is the observed fluorescence in the
presence of a given amount of ZnPP, and F.. is the fluorescence
of fully formed complex] to obtain the K values.

Confocal Laser Scanning Microscopy (CLSM) Observations. CLSM mea-
surements were performed using a laser scanning microscope
(LSM 510; Carl Zeiss Inc.). A droplet of the aqueous solution of the

(PLA/HSA),PLA/PLG/Avi nanotubes incorporating FITC-biotin or
biotin-FNP was air-dried on the cover glass and applied directly
to the observations (ex. 488 nm).
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