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Protein Nanotubes with an Enzyme Interior Surface

Teruyuki Komatsu,**! Hiromi Terada," and Nao Kobayashi'

Abstract: This report describes the syn-
thesis and enzyme activities of multi-
layered protein nanotubes with an o-
glucosidase (aGluD) interior surface.
The nanotubes were prepared by using
an alternating layer-by-layer (LbL) as-
sembly of human serum albumin
(HSA) and oppositely charged poly-L-
arginine (PLA) into a track-etched

vealed the formation of uniform
hollow cylinders with (413+17) nm
outer diameter and (52+3)nm wall
thickness. In aqueous media, the nano-
tubes captured a fluorogenic glucopyr-
anoside, 4-methyl-umbelliferyl-a-p-glu-
copyranoside (MUGIc), into their one-
dimensional pore space and hydrolyzed
the substrate efficiently to form a-p-

parameters (Michaelis constant, Ky,
and catalytic constant, k., values) of
the protein nanotubes. The several-mi-
crometers-long cylinders were of suffi-
cient length to be spun down by centri-
fugation at 4000 g, so the product could
therefore be easily separated. Similar
biocatalysts were prepared by complex-
ation of biotinylated-oGluD into HSA-

polycarbonate (PC) membrane (pore
size =400 nm) followed by addition of
aGluD as the last layer of the wall.
Subsequent dissolution of the PC tem-
plate yielded (PLA/HSA),PLA/aGluD
nanotubes. SEM measurements re-

Introduction

Template synthesis by using a nanoporous membrane, such
as anodic aluminum oxide (AAO) or track-etched poly-
carbonate (PC) membrane, is an efficient procedure to con-
struct nanocylinder architectures with various materials.' ]
In particular, smart nanotubes comprising proteins!'*?" and
DNAP! have attracted great interest because of their poten-
tial applications as biological containers, sensors, and chan-
nels. However, this template-assisted approach involves a
critical issue in the exploitation of the biomolecules as wall
components: significant physical deformation of the tube
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glucose. We determined the enzyme

Keywords: enzymes - layer-by-layer
assembly - nanotubes -
supramolecular chemistry

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

based nanotubes bearing a single
avidin layer as an internal surface. The
obtained hybrid nanotubes also exhibit-
ed the same enzyme activity for the

proteins - :
MUGIc hydrolysis.

structure occurs in the membrane dissolution process."*!"’]
Recently, we demonstrated a unique procedure to prepare
robust protein nanotubes through alternating layer-by-layer
(LbL) assembly in a porous PC membrane by using a poly-
(amino acid) as an electrostatic glue.’>%! Subsequent disso-
lution of the template in N,N-dimethylformamide (DMF)
and rapid freeze-drying of the extracted core yields homoge-
neous hollow cylinders as lyophilized powder. The tubes
typically comprise six layers in total of negatively charged
human serum albumin (HSA) and positively charged poly-L-
arginine (PLA) [(PLA/HSA);]. HSA is the most prominent
plasma protein in the human circulatory system and serves
as a transporter of insoluble endogenous and exogenous
compounds.?**! The HSA components in the (PLA/HSA);,
nanotubes retain their original ligand-binding ability in
water. Therefore, the swollen walls capture cyanine dye,
zinc(II)-protoporphyrin IX, and fatty acids, which are all lig-
ands for HSA.?? Furthermore, the bound molecules can be
released by a ligand-exchange reaction. This flexibility in
the molecular design of our protein nanotube is stimulating
efforts to develop a cylindrical biocatalyst. Martin and co-
workers prepared glucose oxidase (GOD) nanotubes in the
hard AAO template by using interlayer cross-linking with a
glutaraldehyde.' Unfortunately, many tubules were crum-
pled during the template-etching step in 5% phosphoric
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acid. Nevertheless, it is noteworthy that the liberated free
nanotubes showed higher GOD activity than that of the
template-embedded form because mass-transfer resistance is
lower for the free tubes. The reaction within the enzyme-
modified membrane is easy and convenient by filtra-
tion,> 11 although an appropriate volume of the sample so-
lution must be used. If the enzyme nanotubes are released
from the template framework safely, then they will act as a
new class of bionanoreactor that is useful in very small vol-
umes of medium, for example, in several microliters of solu-
tion.

The o-p-glucosidase from Saccharomyces cerevisiae
(aGluD; M, =68500 Da) is a typical exo-type carbohydrase
used to cleave the a(1—4) glucosyl linkage in the nonreduc-
ing terminal of the substrate with release of a-p-glucose
(Glc) [Eq. (1)].%%?" The aGluD has an isoelectric point (pI)
of 4.0-5.5. Therefore, the protein is sufficiently negatively
charged at the neutral value of pH 7.0.

RO-0-D-Glucose + H,0 ™2, ROH + a-p-Glucose (1)

In this paper, we report the syntheses, structures, and
enzyme activities of two different types of nanotubes with a
aGluD interior surface. The first is sequentially fabricated
(PLA/HSA),PLA/aGluD nanotubes. A fluorogenic gluco-
pyranoside is captured into the one-dimensional pore space
and hydrolyzed efficiently to generate Glc (Figure 1). The
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Figure 1. Schematic illustrations of protein nanotubes with an enzyme in-
terior surface and an enzymatic reaction in the one-dimensional hollow
space: exohydrolysis of the a(1—4) glucosyl bond of MUGlIc.

second is prepared by using supramolecular complexation of
biotin-labeled oGluD (B-aGluD) into HSA-based nano-
tubes bearing a single avidin (Avi) layer as an internal wall.
This method will enable us to synthesize various biocylin-
ders with the desired enzyme activity.

Results and Discussion

Synthesis and structure of (PLA/HSA),PLA/0aGluD nano-
tubes: Protein nanotubes with an enzyme interior surface
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were prepared by an alternating LbL assembly of negatively
charged protein (HSA or aGluD) and positively charged
PLA onto the pore walls of a track-etched PC membrane
(pore diameter (D,)=400nm). After 2.5 cycles of LbL
growth of the PLA/HSA combination at pH 7.0, a aGluD
layer was deposited onto the fifth (PLA) layer through elec-
trostatic interaction. Careful dissolution of the PC template
in DMF and freeze-drying of the extracted core yielded
(PLA/HSA),PLA/aGluD nanotubes as a white powder.
SEM measurements revealed the formation of uniform
hollow cylinders with a (413+17) nm outer diameter and a
wall thickness of (52+3) nm (Figure 2a and b). The maxi-

aGluD

Figure 2. a,b) SEM images of (PLA/HSA),PLA/aGluD nanotubes pre-
pared by using a porous PC template; c) schematic illustration of the six-
layer nanotubes with an aGluD interior surface.

mum length of the tubules (approximately 9 um) corre-
sponded to the channel depth of the PC membrane. If it is
assumed that each HSA and aGluD layer has a single-pro-
tein thickness (approximately 8 nm),” the width of an indi-
vidual PLA layer is estimated as 9.3 nm (Figure 2¢). Nor-
mally, multilayers prepared with the LbL technique in a
nanoporous template under a certain pressure are thicker
than those of corresponding thin films fabricated on a flat
substrate."%?3! Jonas and co-workers demonstrated a very
thick bilayer (50-120 nm) of poly(vinylbenzylammonium
chloride) and poly(styrene sulfonate) (PSS).””) In that case,
the channels of the membrane are almost closed after a
single cycle of deposition. The thickness was one-two orders
of magnitude greater than that of the planar sheet made of
the same components on a silicon wafer (1-3 nm). The PLA
layer thickness (9.3 nm) estimated in our (PLA/HSA),PLA/
aGluD nanotube is between the reported values for general
polyelectrolyte walls fabricated in a porous membrane
under pressured conditions.®?**"

The lyophilized (PLA/HSA),PLA/aGluD nanotubes were
suspended in sodium phosphate buffered (PB) solution
(100 mm, pH 7.0, 1.5 mL) or deionized water, to yield a ho-
mogeneous dispersion. For observation of the nanotube
morphology in water, the aqueous medium was freeze-dried
in vacuo. SEM measurements revealed that all tubes were
swollen considerably by water uptake and that their wall
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thickness had almost doubled (to (110+8) nm) compared to
that of the dried state. The only direction of swelling was
toward the inside of the hollow tube. The outer diameter
was unaltered. Consequently, reduction of the inner pore di-
ameter (from 309 to 200 nm) was observed. This structure,
which closely resembles that of swollen (PLA/HSA); nano-
tubes,™ is stable for 24 h without any marked difference.
The average thickness of a bilayer of PLA/HSA (or PLA/
oGluD) in water is estimated to be 37 nm. The dimensions
of the proteins do not change very much (<8 nm);®! there-
fore, the PLA layer thickness might be 29 nm. The volume
of the inner aqueous phase of one nanotube (length=9 um)
was calculated to be 0.3x107"* L (0.3 femtoliters).

The amount of aGluD in the last layer of the wall in one
nanotube was estimated. The white powder of the (PLA/
HSA),PLA/aGluD nanotubes (approximately 150 ug) ob-
tained from one PC membrane (r=2.5 cm), in which around
3.0x10® effective channels exist, was dispersed into acidic
water (pH 3.5, 1.5 mL) to dissolve the LbL assembly. The
tubules are deconstructed at this pH value below the pl
values of the component proteins, to yield a clear solu-
tion.””! From the absorbance at 280 nm, the aGluD concen-
tration was determined to be approximately 90 nm, with the
assumption that the tubes consist of the uniform multilay-
ered structure described above. We concluded that the inner
pore wall of one cylinder (length=9 um) is made of 2.7 x 10°
molecules of aGluD enzyme.

Enzyme activity of (PLA/HSA),PLA/0.GluD nanotubes:
The aGluD enzyme from Saccharomyces cerevisiae exohy-
drolyzes the a(1—4) glucosyl bond of nonreducing 1,4-
linked o-p-glucose residues.®?”! We first determined the
enzyme activity of free aGluD under our experimental con-
ditions (100 mm PB solution, pH 7.0, 22°C). A fluorogenic
glucopyranoside, 4-methylumbelliferyl-a-p-glucopyranoside
(MUGIc), was exploited as the substrate (Figure 1). The
product of the enzymatic reaction, 4-methylumbelliferone
(MU), is a coumarin derivative that gives strong emission at
around 447 nm. After addition of MUGlIc to the aGluD so-
lution in PB ([MUGIc]=20-160 pm), gradual increases in
fluorescence (4.,=447 nm) and UV absorption (1 =360 nm)
were observed; these changes are both based on the hydro-
lyzed product, MU. By converting fluorescence intensity
into UV absorbance, we determined the enzyme parameters
of free aGluD for MUGIc hydrolysis: the Michaelis con-
stant (Ky) was 0.18 mm and the catalytic constant (k.,) was
960 min~' (Table 1).

Next, equivalent experiments were conducted with the
(PLA/HSA),PLA/aGluD nanotubes. Immediately after the
mixing of MUGIc into the PB dispersion of the nanotubes
(50 ygmL™"), a similar fluorescence increase was found at
447 nm (Figure 3a). The appearance of the fluorescence was
clearly visible (Figure 3b). By contrast, the use of (PLA/
HSA); nanotubes, without the aGluD layer, did not en-
hance the fluorescence at all. We reasoned that diffusion of
MUGIc into the hollow cylinder occurs and the substrate is
hydrolyzed on the aGluD wall. The enzyme parameters of
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Table 1. Enzyme parameters for the hydrolysis reaction of MUGlIc
(100 mm PB solution, pH 7.0, 22°C).

Enzyme Ky [mm] keae [min~']
aGluD 0.18 960
(PLA/HSA),/PLA/0.GluD nanotubes 0.20 25
(PLA/HSA),/PLA/0GluD thin films 0.20 2l

on a quartz plate

B-aGluD" 0.08 370
(PLA/HSA),/PLA/PLG/Avi-B-aGluD 0.10 15

nanotubes!”!

[2] Vinax=7.6 pymin~" under our experimental conditions. [b] The PB so-

lution contained 10 um HSA.

&

Fluorescence Intensity

Figure 3. a) Fluorescence spectral change that occurred upon MUGIc hy-
drolysis by (PLA/HSA),PLA/aGluD nanotubes in PB solution (100 mm,
pH 7.0; [MUGIc] =83 um, excitation at A=370 nm). b) Photographs of
the MUGTIc solution (20 um) with excitation at 360 nm without nanotubes
(left) and after the reaction with nanotubes (right).

the protein nanotubes were determined. The Lineweaver—
Burk plots showed a linear slope (Figure S1 in the Support-
ing Information). The Ky value of the (PLA/HSA),PLA/
oGluD nanotubes was nearly the same as that of free
aGluD, although the k., value (25 min~') was significantly
lower (Table 1). This restricted enzyme activity, which re-
sembles noncompetitive-type inhibition, is probably attribut-
able to the fact that some aGluD molecules were deposited
onto the curved wall with unfavorable geometries. Certain
geometries may lead to local distortions of the active sites.

The several-micrometer-long nanotubes are of sufficient
length to spin down by centrifugation. Therefore, the prod-
uct can be separated easily. We centrifuged the resultant
mixture and subjected the supernatant to fluorescence spec-
troscopy and sodium dodecylsulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE) measurements. The fluorescence
spectrum showed a single peak of the hydrolyzed product
(MU) at 447 nm and no peaks of the proteins (HSA and
aGluD) at 330 nm (Figure 4a). In the SDS-PAGE of the
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Figure 4. a) Fluorescence spectrum of the supernatant of the reaction
mixture after MUGIc hydrolysis by (PLA/HSA),PLA/aGluD nanotubes
in PB solution (100 mm, pH 7.0) (solid line). The dotted lines show where
other possible components would appear if present (excitation at A=
280 nm). b) SDS-PAGE results for the supernatant of the reaction mix-
ture (300-fold concentrated; lane C) after MUGIc hydrolysis by (PLA/
HSA),PLA/aGluD nanotubes in PB solution (100 mm, pH 7.0). Lane A:
aGluD (0.013 %); lane B: HSA (0.013%); lane D: protein ladder.

300-fold concentrated supernatant, no protein band ap-
peared in the M, region of 50000-70000 Da (Figure 4b). To
confirm that the enzyme layer remains adhered onto the
pore wall through electrostatic attraction after the separa-
tion steps, fluorescein isothiocyanate (FITC) labeled HSA
(FITC-HSA) was employed instead of aGluD as a fluores-
cent component layer. The (PLA/HSA),PLA/FITC-HSA
nanotubes prepared by the same procedure with the porous
PC template (D,=400 nm) were colored pale yellow. SEM
images showed the formation of similar hollow cylinders
(Figure S2 in the Supporting Information). The tube powder
was then suspended in PB solution and the mixture was cen-
trifuged. As expected, the supernatant did not show any
fluorescence at 520 nm (excitation at 488 nm) from dissoci-
ated free FITC-HSA. These findings manifest that 1) the
(PLA/HSA),PLA/aGluD nanotubes retain their original
multilayered structure without protein release during the hy-
drolysis reaction and 2) the product can be harvested in the
supernatant by centrifugation at 4000 g.

LbL enzyme thin film on a flat substrate: To evaluate the
enzyme activity of an aGluD surface on a flat substrate, a
layered (PLA/HSA),PLA/oGluD thin film was prepared on
a planar quartz surface by using the normal immersion pro-
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cedure. The multilayer-modified plate was put into the PB
solution (100 mm, pH 7.0) in a cuvette and the hydrolysis of
MUGIc was measured. The aGluD adhered to the surface,
which is more exposed to the solution, showed a significant-
ly faster rate of catalysis than that of the nanotube under
our experimental conditions (Figure S1 in the Supporting In-
formation, Table 1). We reasoned that low diffusion of the
substrate into the one-dimensional pore space also influen-
ces the rate of the enzyme reaction.

Enzyme activity of (PLA/HSA),PLA/PLG/Avi-0GluD
nanotubes: Supramolecular complexation of biotin to avidin
(M, =68000 Da) is the strongest biospecific interaction with
an affinity (K) over 10°m~1.%?l We previously demonstrated
that HSA-based nanotubes with an Avi layer as the internal
surface, (PLA/HSA),PLA/PLG/Avi nanotubes (PLG: poly-
L-glutanic acid), captured several biotinylated compounds
into the pore, for example, FITC-biotin and biotin-labeled
nanoparticles (diameter =100 nm).”? Numerous protein
nanotubes with various enzyme activities would be produced
if the Avi-biotin interaction could be used to immobilize
any enzyme into the hollow cylinder.

We first conducted the introduction of biotin groups onto
the aGluD molecule by using sulfosuccinimidyl-6-(6"-biotin-
amido-hexanoylamino)hexanoate, to generate biotinylated
aGluD (B-aGluD). The average number of biotin groups
per oGluD was estimated by using the general Green’s
method® to be 6.6. The hydrolysis activity of B-aGluD was
slightly lower than that of the unmodified aGluD (Table 1).
The B-aGluD (17.9 um, 4.8 uL.) was added to a PB disper-
sion (100 mm, pH 7.0)* of the (PLA/HSA),PLA/PLG/Avi
nanotubes (with (403 +10) nm outer diameter) and the mix-
ture was incubated for 3 h at room temperature. The tubes
were washed by precipitation/resuspension cycles by using
centrifugation two times. SDS-PAGE of the supernatant
(300-fold concentrated) showed no B-aGluD band, which
indicated that most of the B-aGluD was accommodated
into the nanotubes and bound onto the Avi wall (Figure 5).

(PLA/HSA),PLA/PLG/AVI NT

(PLA/HSA),PLA/PLG/AVI-B-aGIuD NT

Figure 5. Preparation of protein nanotubes with an enzyme interior sur-
face by using the avidin-biotin interaction. NT: nanotubes.

The obtained hybrid (PLA/HSA),PLA/PLG/Avi-B-aGluD
nanotubes also showed hydrolysis reactivity for MUGlIc. The
parent (PLA/HSA),PLA/PLG/Avi nanotubes caused no
fluorescence increase of MU at 447 nm under identical con-
ditions. The Ky value of 0.1 mm was broadly similar to that
of free B-aGluD, whereas the k., value was again low, in
much the same way as for the (PLA/HSA),PLA/aGluD
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nanotubes (Table 1). The possible explanation is that some
B-aGluD molecules bind onto the Avi wall with unfavorable
geometries that lead to the lower activity.

Conclusion

We have shown the synthesis of protein nanotubes with an
aGluD interior surface by the LbL-assembly technique and
have characterized their exohydrolysis activity for a 1,4-
linked D-glucose residue. MUGIc diffused into the one-di-
mensional pore space of 0.3 fL volume and was hydrolyzed
to Glc. The noncompetitive-type inhibition observed in the
enzyme parameters could be the result of diverse geometries
of the aGluD molecules on the curved surface wall and low
diffusion of the substrate into the pore. Additionally, biotin-
labeled aGluD was incorporated into (PLA/HSA),PLA/
PLG/Avi nanotubes, to yield similar hybrid cylinders sponta-
neously. The obtained tubes also exhibited activity for
MUGIc hydrolysis. Simply binding specific enzymes onto
the inner wall of the nanotubes by using the Avi-biotin in-
teraction would enable us to create a new class of biocylin-
der catalyst. These catalysts could also be used as nanochan-
nels for syntheses of unique biomaterials on a mesoscopic
scale.

Experimental Section

Materials and apparatus: Poly-L-arginine hydrochloride (PLA; M,
~70000 Da), poly-L-glutamic acid sodium salt (PLG; M, =50000-
100000 Da), human serum albumin (HSA; recombinant product ex-
pressed by yeast species Pichia pastoris), HSA—fluorescein isothiocyanate
conjugate  (FITC-HSA),  4-methylumbelliferyl-a-p-glucopyranoside
(MUGIc), and 4-methylumbelliferone (MU) were purchased from
Sigma-Aldrich Corp. In addition, a-glucosidase from Saccharomyces cer-
evisiae (aGluD) and avidin (Avi) from egg white were purchased from
Wako Pure Chemical Industries Ltd. The water was deionized
(18.2MQcm) by using water purification systems (Elix UV and Simpli
Lab-UV; Millipore Corp.). The UV/Vis absorption spectra were recorded
by using a UV/Vis spectrophotometer (8453; Agilent Technologies Inc.).
Fluorescence emission spectra were measured by using a spectrofluorom-
eter (FP-6500; Jasco Corp.). SDS-PAGE was performed by using 10 %
polyacrylamide precast gel (SuperSep Ace 10%; Wako Pure Chemical
Industries Ltd.).

Template synthesis of protein nanotubes with an aGluD interior surface:
The (PLA/HSA),PLA/0GluD nanotubes were prepared according to our
previously reported procedure by using a track-etched polycarbonate
(PC) porous membrane (Isopore membrane, r=25 mm, pore diameter
(D,)=400 nm; Millipore Corp.).”” First, a sodium phosphate buffered
(PB) solution (pH 7.0, 10 mm, 10 mL) of PLA (1 mgmL™') containing
0.1m NaCl was filtered slowly through the membrane (0.25 mLmin™") to
absorb the positively charged PLA onto the pore wall. After washing
away of excess PLA by water filtration, the membrane was dried in
vacuo for 10 min. Second, a PB solution (pH 7.0, 10 mm, 10 mL) of HSA
(2 mgmL™") was injected (0.5 mLmin ") into the pores. Loosely adsorbed
proteins were washed away with water. The membrane was then dried
under vacuum. These pressure infiltrations were repeated for 2.5 cycles
to grow the LbL thin film of (PLA/HSA),PLA. Finally, a PB solution
(pH7.0, 10mm, 10 mL) of oGluD (2mgmL™') was filtered through
(0.25 mLmin"), to produce an enzyme interior surface, followed by the
washing and drying treatments. The PC membrane surface was then
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wiped with a cotton swab and dried in an automatic low-humidity cham-
ber (Super Dry; Toyo Living Co. Ltd., Japan) for 12 h (humidity <1%).
To release the protein-nanotube cores from the template support, the
membrane was immersed into a DMF solution and the precipitates were
freeze-dried in vacuo, to yield the (PLA/HSA),PLA/aGluD nanotubes
as a white powder. The (PLA/HSA),PLA/FITC-HSA and (PLA/
HSA),PLA/PLG/Avi nanotubes were fabricated by using the same pro-
cedure but PB solutions (pH 7.0, 10mm, 10mL) of FITC-HSA
(2mgmL™), Avi (1 mgmL™), or PLG (1 mgmL™) were used as appro-
priate.

Scanning electron microscopy: SEM measurements of the nanotubes
were conducted by using the methods described previously.”** The
SEM observations were performed by using a scanning electron micro-
scope (S-4300; Hitachi Ltd.) with an accelerating voltage of 10 kV. For
each sample, at least 40 different nanotubes were measured to obtain
average sizes for the outer diameter and wall thickness.

Enzyme activity assays: First, we evaluated the enzyme activity of free
aGluD in aqueous media under our experimental conditions (pH 7.0,
22°C). Several microliters of an N-methyl pyrrolidone (NMP) solution of
MUGIc (5 mm) were added to the PB solution (pH 7.0, 100 mm, 1.5 mL)
of aGluD (30nM) in a 10mm pathlength optical quartz cuvette
(IMUGIc] =20-160 um). Immediately after injection, increases in the
fluorescence at 447 nm (excited at 370 nm) and the UV absorbance at
360 nm based on the hydrolyzed product, 4-methylumbelliferone (MU),
were monitored at 22°C for 20 min. By converting the fluorescence in-
crease into the UV absorbance, we determined the initial rate constant
(Vy) for MUGIc hydrolysis: a molecular coefficient of &35=2.63x
10°mtem™! for MU in PB solution was used. The Ky, and k, values of
aGluD were obtained from Lineweaver—Burk plots (Figure S1 in the
Supporting Information). Second, the enzyme activity of the nanotubes
was measured. The lyophilized powder of the (PLA/HSA),PLA/aGluD
nanotubes (approximately 50 pg) was dispersed in PB solution (pH 7.0,
100 mm, 1.5 mL). The mixture was sonicated for a few seconds and trans-
ferred to a 10 mm pathlength optical quartz cuvette. Several microliters
of the MUGIc solution in NMP (5mm) were added ([MUGIc]=20-
160 um) and the V, value was obtained from the fluorescence-intensity
change at 447 nm (excited at 370 nm) by using the procedure described
above.

LbL enzyme thin film on a planar quartz plate: A quartz plate (9x35x
1 mm), which had been cleaned by using piranha solution, was first im-
mersed into a PB solution (pH 7.0, 10 mm) of PLA (1 mgmL™") contain-
ing 0.1M NaCl for 10 min to absorb PLA onto the smooth surface. After
washing with deionized water, the quartz plate was dried with an N, gas
flow for 10 min. The plate was then immersed into a PB solution (pH 7.0,
10 mm) of HSA (2 mgmL™") for 10 min, followed by washing and drying,
to make a second layer of HSA. This was repeated for 2.5 cycles to con-
struct the LbL assembly of (PLA/HSA),PLA. Finally, the plate was
dipped into a PB solution (pH 7.0, 10 mm) of aGluD (2 mgmL™") to pro-
duce the enzyme surface. After the washing and drying process, the
(PLA/HSA),PLA/aGluD thin film on the substrate was dried in an auto-
matic low-humidity chamber for 12 h (humidity <1%). The enzyme ac-
tivity of the LbL thin film was measured in PB solution (pH 7.0, 100 mm)
in a 10 mm pathlength optical quartz cuvette as described above.

Preparation of biotin-labeled aGluD (B-aGluD): A freshly prepared
phosphate-buffered saline (PBS, pH 7.4) solution of sulfosuccinimidyl-6-
(6'-biotinamido-hexanoylamino)hexanoate (Pierce Biotechnology, Inc.;
10 mm, 108 pL) was added to a PBS solution of aGluD (3.7 mgmL™,
1.85 mL; biotin/aGluD =20/1, mol/mol). The mixture was stirred for
30 min by using a magnetic stirrer in the dark at room temperature. The
protein was then diluted with PBS solution and concentrated to the ini-
tial volume by using a centrifugal filter device (Vivaspin 20, 10000 kDa
M,, cutoff; Vivascience AG/Sartorius AG) at 4000 g with a benchtop cen-
trifuge (Allegra X-15R; Beckman Coulter Inc.). The dilution/concentra-
tion cycle was repeated twice and the total volume was adjusted to 2 mL.
The biotin-labeled ratio of the surface Lys groups of aGluD was assayed
by using Green’s procedure with 2-(4'-hydroxybenzenazo)benzoic acid
(HABA; Fluka Chemika GmbH).*® The enzyme activity assay was per-
formed by using the method described for aGluD.
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Complexation of B-oGluD into the (PLA/HSA),PLA/PLG/Avi nano-
tubes and enzyme activity assay: To prevent nonspecific binding of B-
aGluD onto the nanotube outer surface, HSA (969 um, 15.4 uL) was
added to a PB dispersion (pH 7.0, 100 mm, 1.5mL) of the (PLA/
HSA),PLA/PLG/Avi nanotubes (approximately 33 uygmL™"). B-aGluD
in PBS (17.9 um, 4.8 uL) was then injected into the tube dispersion and
the mixture was slightly sonicated and incubated for 3 h at room temper-
ature. The dispersion was centrifuged for 10 min at 4000 g to precipitate
the tubes. The supernatant was carefully discarded. The remaining nano-
tubes were suspended again in the PB solution of HSA (10 pum) and cen-
trifuged. The precipitation/resuspension cycle was repeated twice and the
volume was adjusted to 1.5 mL. The enzyme activity assay was conducted
by using the same method as that used for the (PLA/HSA),PLA/0GluD
nanotubes.
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