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ABSTRACT An effective and rapid bacterial killing nanotechnology strategy

based on lysozyme-modified fuel-free nanomotors is demonstrated. The efficient
antibacterial property of lysozyme, associated with the ceavage of glycosidic
bonds of peptidoglycans present in the bacteria cell wall, has been combined with
ultrasound (US)-propelled porous gold nanowire (p-AuNW) motors as biocompa-
tible dynamic bacteria nanofighters. Coupling the antibacterial activity of the
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enzyme with the rapid movement of these p-AuNWs, along with the corresponding fluid dynamics, promotes enzyme—bacteria interactions and prevents

surface aggregation of dead bacteria, resulting in a greatly enhanced bacteria-killing capability. The large active surface area of these nanoporous motors

offers a significantly higher enzyme loading capacity compared to nonporous AuNWs, which results in a higher antimicrobial activity against Gram-positive

and Gram-negative bacteria. Detailed characterization studies and control experiments provide useful insights into the underlying factors controlling the

antibacterial performance of the new dynamic bacteria nanofighters. Rapid and effective killing of the Gram-positive Micrococcus lysodeikticus bacteria

(69—84% within 1—5 min) is demonstrated.
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acterial outbreaks originating from

human contact, food poisoning, con-

taminated water reservoirs, and terror-
ism represent a major global public health
threat." Antibacterial research has thus be-
come extremely important, as traditional
clinically approved antibiotic therapies are
insufficient to overcome antibiotic-resistant
bacterial species and microbial biofilm forma-
tions that can lead to serious life-threatening
infectious diseases.! Current methods for
the destruction of bacteria involve the use
of various antimicrobial agents, such as
chlorine and silver,? strong oxidants,® non-
thermal plasma techniques,* or photocata-
lytic degradation.® Each of these methods
has its drawbacks and potential risks, which
prevent large-scale bacterial destructions.
To address the limitations of conventional
treatments and combat bacterial infections
without endangering human life, major ef-
forts are being devoted toward the develop-
ment of new fast, efficient, environment-
friendly, cost-efficient therapeutic routes.®
One safe alternative relies on lysozyme-based
enzymatic degradation of bacteria.” Lysozyme
is an antibacterial glycoside-hydrolase
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enzyme that attacks the protective cell walls
of bacteria specifically and more efficiently
compared to antibiotics and quaternary
ammonium compounds.”? The use of free
lysozyme for bacteria killing is often compro-
mised by the limited stability and reusability
of the enzyme. Different solid (polymer,
nanoparticles) matrices have been intro-
duced to increase the stability and reusability
of lysozyme.'®"" However, such lysozyme-
loaded platforms are characterized by de-
creased enzymatic activity due to accumula-
tion of the dead bacteria and other materials
on their surface.'?

The present work introduces a highly effi-
cient and rapid lysozyme-based nanomotor
bacteria killing system that greatly enhances
the biocatalytic destruction of bacteria species.
Mimicking natural motors,'*'® man-made
nanomotors have been the focus of a con-
siderable recent attention.'®~%° The improved
capabilities of modern artificial nanomotors
have led to diverse biomedical®' and environ-
mental®?** applications. The motion of nano-
scale reactive remediation platforms and
the corresponding fluid transport can notably
improve decontamination processes while

VOL.9 = NO.9 =

* Address correspondence to
josephwang@ucsd.edu.

Received for review July 6, 2015
and accepted August 26, 2015.

Published online August 26, 2015
10.1021/acsnano.5b04142

©2015 American Chemical Society

ACTNT A N T
9252-9259 = 2015 K@LNMLJ\)\ 9252

WWwWW.acsnano.org



A)

B)

Lysozyme-modified
porous AuNW

o

& &

CH,OH

SN
Micrococcus lysodeikticus $ §§ .
(Live bacteria) e — (Dead bacteria)
Cleavage

Figure 1. Nanomotors coupling the antibacterial activity of lysozyme with rapid movement toward efficient bacteria killing
capability. Top: Schematic illustration of the live bacteria (M. lysodeikticus) (A), lysozyme immobilized on the p-AuNWs (B), and
bacteria treated (“killed”) by the lysozyme-modified p-AuNWs motors (C). SEM image of the live M. lysodeikticus bacteria (D).
Structure of the bacterial cell wall: hydrolysis (cleavage) of the 3-1,4 glycosidic bonds between N-acetylglucosamine (NAG) and
N-acetylmuramic acid (NAM) occurs during the lysozyme treatment (E). SEM image of the dead M. lysodeikticus bacteria following
treatment by the moving lysozyme-modified nanomotors (F). US conditions: 2.5 V and 2.67 MHz for 5 min. Scale bar: 500 nm.

reducing passivation effects. Different mechanisms
have been explored for powering of these nanoscale
motors, including the use of external fields or catalytic
decomposition of chemical fuels.'®~'® Among these,
ultrasound (US) triggered propulsion offers safety
and compatibility with biological systems, without
adding a chemical fuel and is of considerable interest
for future in vivo applications.>*~2° Efficient US propul-
sion in biological media, and even in living cells, has
been demonstrated recently.”” ~2° Acoustic propulsion
modes provide chemically inert nanoshuttles for trans-
porting bioentities in an active manner. The attractive
performance of US-propelled nanomotors has been
improved further by controlling the design and in-
creasing the surface area of the motor.° These fuel-
free nanomotors have demonstrated advanced cargo-
towing capabilities, collective action, propulsion in
biological media, and high stability.3' Ultrasound has
been shown previously to increase the effectiveness
of selected antibiotics on several bacteria® and to
facilitate the delivery of antibacterial nanoparticles,*
but not in connection to nanomotors.
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The present fuel-free US-propelled dynamic bacterial
fighter nanomotor platform offers rapid and efficient
destruction of different bacterial species (Figure 1A—C).
The enhanced antibacterial activity is attributed to
the continuous motion of multiple lysozyme-modified
nanomotors under an US field that imparts effective
fluid mixing to greatly enhance the lysozyme-bacteria
interactions and reduce passivation effects. Incorporat-
ing a large surface area porous gold segment to the
nanomotor body increases the lysozyme loading
and results in a higher antimicrobial activity against
Gram-positive M. lysodeikticus and Gram-negative
Escherichia coli (E. coli) bacteria. Spectrophotometric
and fluorescence studies illustrate that the fuel-free
acoustic propulsion of lysozyme-modified porous gold
nanowires (p-AuNWs) results in dramatic improve-
ments in the antibacterial efficiency compared to their
static counterparts (e.g., >30-fold enhancement using
one min incubation). As will be illustrated in the following
sections, the new bacteria nanofighter motor strategy
offers an efficient and rapid bacterial killing capability
(69—84% within 1—5 min), and holds considerable
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Figure 2. SEM images of porous gold nanowire (p-AuNWs), indicating the solid Au (s-Au) concave section and the porous Au
(p-Au) segment (A), and of the porous segment (B). Scale bars: 300 and 50 nm, respectively. (C) Cyclic voltammograms of (a)

p-AuNWs and (b) nonporous AuNWs in a N, saturated 0.1 M H,SO, using a scan rate of 50 mVs™ .

promise for diverse therapeutic, biodefense and envir-
onmental applications.

RESULTS AND DISCUSSION

Fabrication of Lysozyme-Modified p-AuNWs. The new
nanomotor-based bacterial destruction strategy, illu-
strated in the schematic of Figure 1, is based on the
strong bactericidal activity of lysozyme immobilized
on US-propelled nanomotors. The driving force for
this high bacterial killing efficiency is provided by
continuous movement of the enzyme and convection
induced by the nanomotor motion that greatly en-
hance bacteria killing compared to earlier protocols
based on lysozyme-immobilized nanomaterials.'®~'?
The immobilization of lysozyme onto the p-AuNWSs was
carried out by the cysteamine method (Figure 1B),** as
detailed in the Supporting Information (Figure S1). As
illustrated in Supporting Video 1, the functionalization
of the p-AuNWs with lysozyme does not compromise
the efficient propulsion of US-powered nanomotors.
Lysozyme activity leads to hydrolytic cleavage of the
p-1,4 glycosidic bonds between N-acetylmuramic acid
(NAM) and N-acetylglucosamine (NAG) (Figure 1E),
which are characteristic peptidoglycans of the bacteria
cell wall.* The continuous movement of the lysozyme-
modified p-AuNWs in the bacteria solution under
the US field leads to enhanced contact between
the enzyme and the live bacteria, resulting in acceler-
ated bacteriolysis effect and efficient bacteria killing
(Figure 1C). The scanning electron microscopy (SEM)
images of Figure 1D and F illustrate the physical
appearance of the M. lysodeikticus bacteria before
and after the antibacterial treatment, respectively,
and demonstrate the largely damaged bacterial cells
following the nanomotor treatment.

SEM studies were carried out to examine the
structural morphology of the p-AuNWs. For example,
Figure 2A displays a SEM image corresponding to the
complete structure of the p-AuNWSs with a 2 um length
and diameter of 200 nm. The latter reflects the pore
size of the membrane template used in the fabrication
process. Such template electrodeposition of p-AuNWs
and their modification with lysozyme are described
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in detail in the Experimental Section and Supporting
Information (Figure S1), respectively. As shown in
Figure 2A, the p-AuNWs contain two segments, a solid
Au concave section and a porous Au one, with lengths
of 0.5 and 1.5 um, respectively. The concave end is
essential for the acoustic propulsion mechanism
through the generated pressure gradient,>® while the
porous one ensures high enzyme loading. Figure 2B
shows the detail of the porous segment of the p-AuNW,
illustrating its large surface area toward high lysozyme-
loading capacity. Cyclic voltammetry was used to
characterize and compare the electrochemically active
surface area (ECSA) of the p-AuNW and nonporous
AuNW motors (Figure 2C). The ECSA measurements
were performed in 0.1 M H,SO, solution by scanning
the potential over the 0.2 to 1.5 V range (vs Ag/AgCl).
The ECSAs were calculated by integrating the
charge associated with the reduction of the gold oxide
peaks using GPES software for the Au oxide reduction.
The resulting ECSA values for the porous and non-
porous AuNWs were 377 and 42 uC, respectively,
indicating that the porous gold structure has a nearly
10-fold larger area compared to the nonporous
gold surface. As will be illustrated below, such high
surface area and corresponding high lysozyme load-
ing greatly enhances the bactericidal capacity of the
motors.

Key factors controlling the antibacterial activity of
the functionalized nanomotors have been elucidated
toward optimizing the bacteria killing operation of the
modified nanomotors. Figure 3A examines the influ-
ence of the treatment time upon the efficiency using
times ranging from 30 s to 5 min. The bacteria killing
efficiency of the p-AuNWSs increases from 32% to 84%
over this time scale (a). In contrast, the static counter-
parts lead to significantly lower efficiencies rang-
ing from 2% at 30 s to 9% at 5 min. Note that the
nanomotors yield dramatic improvements in the anti-
bacterial efficiency using short treatment times (e.g.,
>30-fold using one min). In order to compare further
the efficiency of nanomotors with their static counter-
part, the treatment time using the static p-AuNWs was
extended to 40 min, leading to a 60% bacteria killing
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Figure 3. Effect of relevant parameters upon the M. lysodeikticus bacteria killing capability of US-driven lysozyme-modified
p-AuNWs. Effect of the (A) treatment time with (a) and without (b) the US field. Effect of the (B) US voltage and (C) number of
nanomotors upon the bacteria killing efficiency. US conditions: 2.5 V, 2.67 MHz for 5 min (except A) and using 5.75 x 10*

motors (except C).

efficiency (compared to 84% within 5 min using the
nanomotors). Only a slight increase in the bacteria
killing efficiency up to 95% was obtained upon extend-
ing the treatment time to 15 min (not shown), due
to the saturation of the enzymatic activity at higher
treatment times. Subsequent absorbance measure-
ments (without US and lysozyme), over an additional
15 min period, indicated similar bacteria concentrations,
i.e, negligible regrowth of the bacteria.

Another parameter studied was the US amplitude
used for controlling the speed of the p-AuNWs. Figure 3B
(and Supporting Video 1) evaluate the influence of the
US voltage and demonstrates that an amplitude of 2.5 V
offers the optimum condition, with 82% killing efficiency
within 5 min. These data indicate that the bactericidal
capacity increases gradually from 74 to 82% between
1.0 and 2.5V, and decreases back to 74% upon raising
the amplitude to 5 V. Such a trend indicates that the
2.5 V value provides a trade-off between higher motor
speeds and reduced enzymatic activity (due to thermal
inactivation at high voltages).3” While ultrasonic waves
at room temperature and pressure hardly inactivate
lysozyme,?” such inactivation depends on the US para-
meters. High US voltages lead to collapsing cavitation
bubbles that raise the local temperature. The number
of modified nanomotors in the treated media is
another important parameter. Figure 3Cillustrates that
the bacteria killing capacity increases from 21% using
1.15 x 10* p-AuUNWSs to 82% at 5.75 x 10% nanomotors.
The latter value was employed in all further bacteria
killing studies. Overall, the data of Figure 3 indicate that
the antibacterial activity can be controlled by tuning
the parameters of the lysozyme nanomotor strategy.
The effect of temperature upon the activity of the
free and immobilized lysozyme was investigated. The
results, shown in Figure S2, indicate that the activity
increases gradually by ~30% upon raising the tempera-
ture from 25 to 45 °C, and decreases fast thereafter, re-
flecting the temperature dependence of lysozyme and
its thermal denaturation. The optimal lysozyme activity
depends on several experimental conditions, such the
source of lysozyme, pH, substrate and temperature,3~4°
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Figure 4. US-driven lysozyme-immobilized p-AuNW motors
for killing bacteria along with different control experiments.
Bacteria killing efficiency, estimated by UV—vis spectroscopy,
using (a) only US without AuNWs, (b) nonfunctionalized
p-AuNWs, (c) static lysozyme-modified p-AuNWs (no US),
(d) free-lysozyme, (e) lysozyme-modified nonporous AuNWs,
(f) free-lysozyme and p-AuNWs, and (g) lysozyme-modified
p-AuNWs. US conditions (except C): 2.5 V, 2.67 MHz for 5 min;
2 mg/mL of bacteria along with 5.75 x 10* motors; amount of
free enzyme (d, f), 0.19 mg/100 uL.

Under the applied US treatment, the solution tempera-
ture raises to ~40 °C which is nearly optimal for the
lysozyme activity.

Lysozyme-Modified p-AuNWs: Control Experiments. Follow-
ing the optimization studies, we carried out a series of
different control experiments aimed at gaining further
insights into the new protocol, elucidating the role
of the different components and processes involved,
and at demonstrating the distinct advantages of the
bacteria-killing nanomotor strategy. These control
experiments involved spectrophotometric optical den-
sity measurements of the M. lysodeikticus and E. coli
at 450 and 600 nm, respectively. Figure 4 shows the
spectrophotometrically estimated bacteria killing ca-
pability using various control systems under optimal
conditions. Initial control experiments using the US
alone and US with unmodified wires (Figure 4a and b,
respectively) indicate negligible (~3%) bacteria killing
efficiency. Apparently, such US conditions do not disrupt
the cell membranes. Similarly, Figure 4c illustrates
that the use of the functionalized p-AuNW without US
results in a low bacteria killing efficiency (7%) over the
same (5 min) incubation time. The US-driven modified
p-AuNW motors resulted in a nearly 12-fold higher
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antibacterial activity compared to static counterparts
(81% compared with 7%) (Figure 4g vs c). The anti-
bacterial activity of free lysozyme under the US field
was examined and resulted in a 20% of bacteria killing
efficiency (Figure 4d). Such efficiency is over 4 times
lower compared to the activity observed with the
lysozyme-modified-p-AuNWs (Figure 4g vs d), reflect-
ing the key role of moving the immobilized enzyme
throughout the bacteria solution, and indicates that
the covalently bound enzyme is not desorbing from
the wires during the US-driven motion. The US-powered
lysozyme p-AuNW motors offer ~3-fold enhanced kill-
ing efficiency compared to their nonporous counter-
parts (Figure 4g vs e). Such improvement due to the
porous structure is lower than that expected (based on
the ECSA data of Figure 2C), which can be explained by
the limited accessibility of the enzyme to the entire gold
surface of the motor.'® Apparently, the surface loading
of the enzyme does not follow directly the increased
area of the porous motor, as the interior of the porous
wire may not be fully accessible during the immobiliza-
tion. Another control experimentinvolving both the free
enzyme and the unmodified wires under the optimal
US conditions led to a 40% of bacterial killing capacity
(Figure 4f). While the movement of the nanowires in the
enzyme solution resulted enhanced fluid mixing which
leads to increased enzyme-bacteria interactions com-
pared to free-enzyme alone (Figure 4d vs f). However,
the extent of these interactions is significantly lower com-
pared to the lysozyme p-AuNW motors (Figure 4f vs g).
The latter reflects the directional collisions of the
enzyme-modified AUNWSs with the bacteria wall. Overall,
the control experiments of Figure 4 demonstrate that
the US propulsion of the lysozyme-modified AuNWs
greatly promotes their interaction with the bacteria
suspension and that the porous surface feature in-
creases the enzyme-loading capacity.

Figure 5 shows SEM images of M. lysodeikticus
before (A) and after (B) 5 min treatment with US-driven
lysozyme-modified p-AuNWs. These images clearly
illustrate the dramatic change of the morphology
and structure of the bacteria cell wall and disappear-
ance of cellular integrity in the presence of the US-
propelled antibacterial nanomotors, as expected from
the biocatalytic hydrolysis of glycosidic linkages. The
wrinkled cell wall may reflect leakage of cytoplasmic
content outside the bacterial cell.”’

Additional fluorescence imaging viability studies
were performed to support the early UV—vis spectro-
photometric data and evaluate further the nanomotors-
based killing efficiency for different (Gram-positive
and negative) bacteria species. Syto-9 dye was used to
label all the population of bacteria cells (live and dead
M. lysodeikticus), while the propidium iodide dye was
used to label dead M. lysodeikticus, as propidium iodide
penetrates only the damaged cells. These dyes thus
allowed estimate of the number of viable and nonviable
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Figure 5. Lysozyme-modified nanomotor-accelerated de-
struction of different bacterial species. SEM images of the
M. lysodeikticus bacteria (A) before and (B) after US treat-
ment with lysozyme-modified nanomotors. Fluorescence
images of (C) total M. lysodeikticus present in the solution
and of (D) dead M. lysodeikticus after US treatment with
lysozyme-modified nanomotors; similar images of (E) total
E. coli present and (F) dead E. coli after the US nanomotor
treatment. Scale bar: 1 um. US conditions: 5 min using 2.5V
and 2.67 MHz, using 5.75 x 10* motors.

cells in connection to a program ImagelJ. Figure 5Cand D
show fluorescence images of total M. lysodeikticus (in
green color) and of dead M. lysodeikticus (in red color).
Based on program ImagelJ the percentage bacteria kill-
ing was found to be 84% in 5 min, which is in agreement
with UV—visible data. Similar UV—visible and fluores-
cence studies were performed to examine the killing
of the Gram-negative E. coli bacteria. The UV—visible
data (not shown) was found to be in agreement with
the fluorescence data (Figure 5E, F), illustrating a 70%
bacterial killing efficiency for E. coli samples. The dif-
ferent killing efficiencies of the bacteria nanofighter
motors obtained against M. lysodeikticus and E. coli
reflects the higher antimicrobial efficacy of lysozyme
toward Gram-positive bacteria, possibly due to the dif-
ference in the cell wall structure of the bacteria species.'?
The ability to kill both bacteria species with high effi-
ciency is important as Gram-negative infections are
becoming increasingly difficult to treat.! Overall, Figure 5
demonstrates the potential applicability of the new
antibacterial nanomotor fighters for effective bacteria
killing in a fast and environmentally friendly manner.
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CONCLUSIONS

The motivation of this study was to demonstrate
a highly efficient and rapid bacteria-killing strategy
based on the coupling the antibacterial activity of the
lysozyme with the continuous movement of fuel-free
nanowire motors. To our knowledge, this is the first
report documenting that nanomotors can inactivate
bacteria within a few minutes. The motion of lysozyme-
loaded US-driven porous nanomotors in bacterial-
contaminated samples, along with the corresponding
fluid mixing, greatly enhances the lysozyme-bacteria
interactions and bacterial killing capability, as was
demonstrated using M. lysodeikticus and E. coli bacterial
models. Dramatic improvements in the antibacterial
efficiency was achieved compared to the corresponding
static functionalized nanowires (e.g., >30-fold enhance-
ment using one min incubation). Various control ex-
periments have demonstrated the distinct advantages
of the new dynamic bacterial nanofighters, shed useful

EXPERIMENTAL SECTION

Materials and Instruments. Anodic alumina membranes (AAO)
with a specified pore size of 200 nm and thickness of 60 xm
were purchased from Whatman (catalog no. 6809-6022;
Maidstone, U.K.). The gold and silver plating solutions (Orotemp
24 RTU RACK, and 1025 RTU @ 4.5 Troy/gallon) were obtained
from Technic Inc. (Anaheim, CA). Lysozyme (from chicken egg
white), M. lysodeikticus and E. coli bacterial cells, and cysteamine
hydrochloride were purchased from Sigma-Aldrich (St. Louis,
MO). All chemicals were analytical-grade reagents and were used
as received without any further purification. Experiments were
carried out at room temperature (21 °C).

Al controlled-potential experiments were performed
with a CHI 621A potentiostat (CH Instruments, Austin, TX). The
ECSA characterization was carried out using a u-Autolab type Il
(Eco Chemie, Utrecht, Netherlands) system, operating with GPES
software, along with a conventional three-electrode electro-
chemical cell.

Template Electrosynthesis of p-AuNWs. Nanoporous gold struc-
tures were commonly prepared on two-dimensional flat AAO
substrates through template electrodeposition of a single-
phase Au—Ag alloy followed by etching of the less noble silver
component, similar to a previous protocol.’? To obtain a work-
ing electrode the branched side of the AAO membrane was
sputtered with a 200 nm thick Ag film. The membrane was
then placed in a Teflon plating cell, with aluminum foil serving
as a contact. A sacrificial Ag layer was electrodeposited for a
total charge of 3 C using a commercial Ag plating solution at
a potential of —1.0 V (vs Ag/AgCl (1 M KCl)), in connection to
a Pt wire counter electrode. Subsequently, an Au segment
was electroplated from a commercial Au plating solution using
a potential of —1.0 V and a total charge of 1 C. Finally, Au—Ag
alloy was electrodeposited from a mixture of commercial gold
and silver plating solutions (Au/Ag ratio of 7/3) at a potential of
—1.1 Vfor 1.7 C. The Au/Ag alloy segment was dealloyed using
a 35% HNOj; solution (EMD Millipore, MA) in the plating cell for
10 min. The membranes were then removed from the plating
cell and rinsed thoroughly with ultrapure water. The sacrificial Ag
layer was removed using a cotton tip applicator soaked in 35%
HNOs solution. The AAO membrane template was dissolved
in a 3 M NaOH solution for 30 min to release the nanowires. The
nanowires were then washed repeatedly with deionized water
until a neutral pH was obtained. Control nonporous AUNWSs were
prepared in the same manner, as described above, except that
both Au segments were electroplated for 1.2 C.

KIRISTI ET AL.

insights into the factors affecting the performance of
the new nanomotor bacteria killing system and led to
optimization of the new dynamic antibacterial nano-
technology strategy. Swarms of US-powered micro-
motors>! could be used for accelerating the bacterial
killing using large sample volumes or contaminated
areas, while guidance of the motors could be achieved
by adding a magnetic segment.® The favorable cap-
abilities of these fuel-free US-driven functionalized
antibacterial nanoswimmers along with the biocompat-
ibility of acoustic waves make them extremely attrac-
tive for combating infectious diseases while offering
defense against bacterial infections in connection to
diverse healthcare, biodefense, and food or water dis-
infection applications. The biocompatibility of the ultra-
sound operation, of nano/microscale machines*? and
of the lysozyme, make the new antibacterial nano-
motors very attractive not only to diverse in vitro
applications, but also for in vivo biomedical ones.

AuNW Modification and Lysozyme Immobilization. Immobilization
of lysozyme onto p-AuNW was carried out by using the cystea-
mine method,?* as illustrated in Figure S1. Briefly, 1.0 mg/100 uL
of cysteamine solution (in pH 7.4 phosphate buffer, 100 mM)
was mixed with 100 uL of nanowire suspension and incubated
at room temperature for 1 h. Cysteamine modified nano-
wires were then washed with phosphate buffer, in order to
remove unreacted cysteamine. These functionalized nanowires
then were further modified with glutaraldehyde by over-
night incubation with a glutaraldehyde solution (1%, in pH 7.4
phosphate buffer; 100 mM). After modification, nanowires
(5.75 x 10% motors/100 uL) were mixed with 500 uL of lysozyme
solution (5 mg/mL) and incubated under shaking for 3 h. The
amount of lysozyme attached to the nanowires was estimated
by spectrophotometric protein measurement at 280 nm for the
initial and final lysozyme concentrations of the immobilization
medium. The lysozyme modified nanowires were washed with
phosphate buffer and stored at 4 °C until use.

Activity of Lysozyme and Determination of the Bacteria Killing
Capability. The activity of lysozyme was estimated spectropho-
tometrically (Shimadzu UV-2450, Japan). For this aim, a suspen-
sion of bacteria cells was prepared by dissolving 9.0 g of M.
lysodeikticus in 30.0 mL of carbonate buffer (pH 9.0; 100 mM).
The enzymatic reaction was started by mixing 580 uL of cell
suspension and 20 ulL of lysozyme solution. Cell lysis was
monitored optically at 450 nm for 5 min. One unit of lysozyme
activity is defined as a decrease of 0.001 unit of absorbance at
450 nm by using carbonate buffer (pH 9.0; 100 mM) at 25 °C.

Antibacterial activity of lysozyme-immobilized p-AuNWs was
examined by using US setup in connection to M. lysodeikticus
(0.3 mg/mL) and E. coli (1 x 10® cells mL™"). To check the
efficiency of US-driven lysozyme-immobilized p-AuNWs and its
static counterparts, E. coli and M. lysodeikticus bacteria were taken
into separate US holders in 25 uL aqueous solutions containing
5.75 x 10% motors. The reaction mixture was subjected to an US
amplitude of 2.5 V, and frequency of 2.67 MHz for 5 min and the
bacteria-killing capacity was studied by using two methods. The
first method was based on spectrophotometric turbidity mea-
surements at 450 nm for M. lysodeikticus and 600 nm for E. coli.
Briefly, destroyed bacteria were removed from the US holder and
mixed with 475 uL of carbonate buffer (pH 9.0, 100 mM) and the
optical densities of samples were recorded using the correspond-
ing wavelength. Antibacterial capacities of the lysozyme-attached
nanowires were calculated by using blank sample, which contains
the same amount of bacteria but without enzyme.
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The second method involved fluorescence measurements.
For this, following the 5 min US incubations, the nanomotors
were precipitated at 500 rpm for 1 min, and the supernatant
(containing viable and nonviable bacteria cells) was centrifuged
again at 14000 rpm to make a bacterial pellet. The pellet was
resuspended in 100 uL of a solution of Syto-9 dye and pro-
pidium iodide dye previously dissolved in water follow-
ing specifications of the L13152LIVE/DEADBac Light bacterial
viability kit provider. Eppendorf vials were covered with alumi-
num foil and gently mixed for 20 min. A washing step was
performed to remove the unreacted dye. Additionally, the
vials were centrifuged at 14 000 rpm for 10 min and the pellet
was resuspended in 100 uL of water for counting. Fluores-
cent pictures of 2 uL drops were obtained and the number of
viable and nonviable cells was estimated using the program
ImageJ.

Effect of the Temperature on the Enzyme Activity. The effect of the
temperature on the lysozyme activity was studied by varying
temperature from 25 to 65 °C. Briefly, 580 uL of the substrate
solution (M. lysodeikticus) was incubated at the desired tem-
perature for 10 min, and then mixed with 20 uL of enzyme
solution (free lysozyme and immobilized lysozyme at the same
concentration level) for a 5 min incubation period. Bacteria
cell lysis was monitored spectrophotometrically following the
protocol described earlier (leading to the results summarized in
Figure S2).

Ultrasound Propulsion. The experiments were realized in an
acoustic resonator setup, consisted of a piezoelectric transducer
(Ferroperm PZ26 disk 10 mm diameter, 0.5 mm thickness),
attached by conductive epoxy glue to the bottom center of a
steel plate (50 mm x 50 mm x 0.94 mm); the top center of the
steel plate has a sample reservoir (5 mm wide, 249 um deep)
made with a kapton tape protective layer. A glass slide was used
to cover the reservoir, for ultrasound reflection and to protect
the sample. The continuous ultrasound sine wave was applied
via a piezoelectric transducer, through an Agilent 15 MHz
arbitrary waveform generator, connected to a homemade power
amplifier. The applied sine waveform had a frequency of
2.66 MHz and voltage amplitude, which varied from 1 to 5V,
to modulate the intensity of the acoustic waves.
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