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Glucose driven catalytic nanomotor to create motion at micro scale
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Catalytic bionanomotors were constructed by selectively immobilizing glucose oxidase onto the surface of
platinum / gold bi-metallic rods. Comparison of non-functionalized and functionalized nanorods using Fourier
transform infrared spectroscopy was consistent with the presence of protein adsorption onto the surface of the
nanorods. Incubation of functionalized, but not non-functionalized, nanorods in glucose solution (1 — 5 M)
resulted in nanorod translocation which was found to vary as a function of glucose and glucose oxidase
concentration. Taken together these data suggest that the fabricated device can undergo glucose dependent
movement and can be used as another technique for sensing glucose.
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Introduction behind them have also shown promise [5, 6].

Herein, we report our work regarding the

The enzymatic conversion of chemical energy to development of a “glucose powered” bio-

produce motion is widespread in nature and is catalytic nanomotor fabricated from

the basis of muscle contraction [1]. Other platinum/gold (Pt/Au) nanorods that have been

applications using this process include selectively functionalized with the enzyme

intracellular transport, e.g. vesicle transport by glucose oxidase. Our findings suggest that this

kinesin and the movement of ions up a approach may have applicability for the

concentration gradient. Although already development of new types of micro scale
exploited by the cell, the creation of man-made transport [7].

miniature “engines” that can convert stored
chemical energy to motion remains a challenge.

Recent work has demonstrated that the Materials and Methods

catalytic decomposition of hydrogen peroxide

can be used to propel micro scale objects on a 1. Fabrication of Pt/Au nanorods

water surface [2-4]. So called “camphor Bimetallic Pt/Au nanorods were synthesized
motors”, in which small particles of camphor electrochemically using alumina membranes as
move at the air water interface by slowly reported previously [8]. Nanorods were

dissolving and spreading a hydrophobic “wake”
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characterized by transmission electron

microscopy as outlined elsewhere [9].

2. Immobilization of glucose oxidase onto the
surface of the Pt/Au nanorods

Nanorods were cleaned with absolute ethanol
(3 times for 5 mins) and dried under nitrogen
before immersion in 50 mM PBS (pH 7.5)
containing glucose oxidase (GOx) (5-10 mg/ml).
A deposition time of 90s at room temperature
yielded maximum nanorod velocity at 5 mg/ml
of GOx and was chosen to evaluate the effect of
GOX concentration on nanorod movement
(data not shown). Immediately after adsorption,
samples were rinsed with PBS buffer (pH 7.2)
and then rinsed with deionized water to remove
any residual salt or weakly adsorbed enzyme.
After washing, samples were dried with
nitrogen for 2 min and stored at -20 °C.

3. FTIR (Fourier transform infrared spectro-
scopy) analysis

Nanorods were washed three times with
distilled water and then rinsed with 50%
ethanol two times. After drying, the FTIR
spectra were collected at room temperature
using a spectrophotometer (iS10 Thermo-Fisher
Scientific).

4. Evaluation of nanorod movement

Nanorods were suspended in water (100 uL)
containing different concentrations of glucose
(0 - 5 M). Flow cells were constructed using
double-sided tape (NW-10, Nichiban Co, Japan)
to form a chamber between the coverslip and a
glass slide. Movement of the nanorods was
observed at room temperature (20 - 23°C) using
a microscope (Olympus BH-2, Japan) with a 40x
objective through a CCD camera (Hamamatsu
Photonics, Japan) and digitally recorded onto a
computer (Dell, Dimension 4300). Video clips
were collected at 2 frames/sec over a 30 sec

time period and analyzed using Image J
(http://rsb.info.nih.gov/ij/). Motion analysis
was performed by examining all of the

nanorods in each of the image frames tracking
and the leading end of each nanorod.
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5. Statistical analysis

Results are presented as mean + SEM (Standard
Error Mean). Comparisons between groups
were performed using the Students t-tests or
two-way analysis of variance (ANOVA) and post-
hoc testing as appropriate. The level of
significance accepted a priori was P< 0.05.

Results

1. Characterization of nanorod size and protein
adsorption

Scanning electron microscopy after carbon
sputtering showed the Pt/Au nanorods to be
~370 nm in diameter and ~2 pum in length
(Figure 1). FTIR spectroscopy was used to
determine whether the adsorption procedure
resulted in the deposition of protein onto the
surface of the Pt/Au nanorods. Compared to

that observed for the non-functionalized
nanorods, the FTIR spectrum of the
functionalized nanorods showed evidence

consistent with the presence of protein (GOx)
on the nanorods (Figure 2). Specifically, in the
functionalized samples we noted changes in the
amide | (1700 - 1600 cm™) and Il (1600 - 1500
cm™) bands. It is thought that the amide | band
is caused by C=0 stretching vibrations of
peptide linkages in the protein backbone while
the amide Il band results from a combination of
N-H in plane bending and C-N stretching of the
peptide groups.

2. Glucose driven movement

Motion analysis of nanorods in solutions with
and  without glucose suggested that
translocation velocity increased with increasing
glucose oxidase and glucose concentration (V,y,:
un-functionalized nanorod (no glucose oxidase):
0.0 £ 0.0 um/s; Vay,: functionalized nanorod 0.1
(mg/ml) glucose oxidase: 0.4 + 0.05, 0.9 + 0.1,
1.3+0.1,1.4+40.2,and 1.4+ 0.2 um/s for 1, 2, 3,
4, and 5 M glucose respectively; Va, 0.5
(mg/ml) glucose oxidase: 1.2 +0.1, 1.4 +0.2,
1.6 +0.2,1.8+0.2,and 2.3 £ 0.3 um/s for 1, 2,
3, 4, and 5M glucose, respectively; V,,5.0
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Figure 1. SEM analysis of nanorod dimensions.
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Figure 2. FTIR spectrum of immobilized GOx over the surface of the nanorods. Au-Pt nanorod after incubation with 30 L of 10 mg/ml GOx (A)

and 20 pL of 10 mg/ml GOx (B). FTIR spectrum of ethanol wash (C).

(mg/ml) glucose oxidase: 1.4 + 0.2, 1.5 + 0.2,
1.7+0.3,2.140.2,and 1.8 £ 0.2 um/s for 1, 2, 3,
4, and 5 M glucose, respectively (Figure 3).

Discussion

Previous work has demonstrated that bimetallic
Pt-Au nanomotors can be powered by hydrogen
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peroxide (H,0,) fuels [3, 9]. Although not fully
understood, it is thought that the motive force
is derived from platinum catalyzing the
decomposition of H,0, to water and oxygen
which gives rise to an interfacial tension
gradient that is continuously re-established due
to the catalytic nature of the platinum [10].
Although quite promising, the application of
these types of Pt-Au nanomotors to biological
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Figure 3. Image series showing the movement of functionalized (0.5 mg/ml GOx) nanorods in water in an in 0.5 M glucose (Panel A). Velocity of
nanorods as a function of different glucose oxidase and glucose concentration (Panel B).

systems has been hampered by the
requirement of having to use a potentially toxic
fuel source. In an attempt to circumvent this
limitation, we investigated whether the
coupling of glucose oxidase to the surface of the
Pt-Au nanorods allows these structures to
utilize glucose as a fuel source.

Glucose oxidase (GOx) is an oxido-reductase
that catalyzes the oxidation of glucose to
hydrogen peroxide and D-glucono-6-lactone
[10]. Besides its role in the metabolism of
sugars, it acts as a bactericide in many cells [11].
GOx is widely used in industry and is also
routinely employed in enzyme electrode
biosensors designed to detect glucose levels. In
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our approach we immobilized the GOx enzyme
to the surface of the Pt-Au nanorods via
physioadsorption. We hypothesized that the
GOx, when exposed to glucose, would catalyze
the production of H,0, which then be broken
down by the platinum portion of the nanorod to
release electron per molecule and provide the
motive force needed to move the nanorods
(Figure 4). Binding of protein to the surface was
characterized by FTIR (Figure 2). After
confirming immobilization of GOx, we
incubated functionalized nanorods in solutions
of varying glucose concentration. The nanorods
exhibited different behavior in the presence
and absence of glucose. As expected,
incubation of the functionalized nanorods in
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Figure 4. Schematic representation of proposed mechanism of nanorod movement.

water gave rise to Brownian motion; however,
when placed in glucose containing solutions (1 -
5 M) nanorod translocation was clearly evident.
In addition, the velocity of translocation
appeared to vary in a glucose and glucose
oxidase dependent fashion (Figure 3, Panel B).

Taken together, these data demonstrate that it
is possible to power the motion of a nanoscale
object by using glucose as a fuel source and
surface enzymatic reactions. Although the
glucose concentrations used in the present
study were non-physiological it is possible that
other immobilization strategies could give rise
to great GOx density onto the surface of the
nanorods thus allowing movement at lower
glucose concentrations. Experiments toward
this end are currently in progress.
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