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Abstract

Direct and efficient intracellular delivery of enzymes to cytosol holds tremendous therapeutic
potential while remaining an unmet technical challenge. Herein, an ultrasound (US)-propelled
nanomotor approach and a high pH-responsive delivery strategy is reported to overcome such
challenge using caspase-3 (CASP-3) as a model enzyme. Consisting of a gold nanowire (AuNW)
motor with a pH-responsive polymer coating, in which the CASP-3 is loaded, the resulting
nanomotor protects the enzyme from release and deactivation prior to reaching an intracellular
environment. However, upon entering a cell and exposure to the higher intracellular pH, the
polymer coating is dissolved, thereby directly releasing the active CASP-3 enzyme to the cytosol
and causing rapid cell apoptosis. /n vitro studies using gastric cancer cells as a model cell line
demonstrates that such motion-based active delivery approach leads to remarkably high apoptosis
efficiency within significantly shorter time and lower amount of CASP-3 compared to other
control groups without involving US-propelled nanomotors. For instance, the reported nanomotor
system can achieve 80% apoptosis of human gastric adenocarcinoma (AGS) cells within only 5
min, which dramatically outperforms other CASP-3 delivery approaches. These results indicate
that the US-propelled nanomotors may act as a powerful vehicle for cytosolic delivery of active
therapeutic proteins, which would offer an attractive means to enhance the current landscape of
intracellular protein delivery and therapy. While CASP-3 is selected as a model protein in this
study, the same nanomotor approach can be readily applied to a variety of different therapeutic
proteins.
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INTRODUCTION

Considerable progress has been made recently towards the development of synthetic nano/
micromachines with attractive capabilities for diverse biomedical applications,1=3 including
biosensing,*-8 cargo delivery,’~9 nanosurgery,1911 and detoxification.12:13 The attractive
movement, cargo-towing, and navigation functions of different self-propelled and externally-
powered nano/micromotors?14-18 have led to their growing use for active transport and
delivery of therapeutic payloads, compared to common diffusion-based passive approaches.
19-23 Nano/microscale machines have thus demonstrated promise for improving the
diagnosis and treatment of cancer by delivering anticancer drugs to specific target sites,
7,20,24,25 jsolating circulating tumor cells, 26 monitoring intracellular miRNA expression,® or
silencing specific genes inside cancer cells.2”

Herein we describe a nanomotor-based apoptotic strategy involving the use of caspase-3
(CASP-3)-modified nanowire motors for rapid and efficient cell apoptosis. This approach
represents the first example of using nanomotors for efficient intracellular delivery of a
functional therapeutic enzyme. While intracellular delivery of functional proteins offers
tremendous therapeutic potential, 2829 the difficulty of rapid cytosolic delivery of proteins in
active conformation is massive and still represents an unmet challenge.30:31

CASP-3 is a highly promising therapeutic protein.28:32:33 This cysteine protease catalyzes
the specific cleavage of key cellular proteins and thus plays a crucial role in programmed
cell death (apoptosis).3* Intracellular delivery of sufficient levels of active CASP-3 into the
cytosol of target cells can induce the cells to undergo apoptosis by cleaving essential
substrates3® while minimizing side effects to healthy tissues and cells associated with
current therapeutics.28:32.33 Moreover, since the native form of CASP-3 is an endogenous
cell component that requires external stimuli to activate it,3® the delivery of a functionally
active form of this enzyme obviates side effects and toxicity issues associated with external
stimuli such as the use of chemical and radioactive therapeutics for inducing targeted cell
apoptosis. However, the intracellular delivery of active CASP-3 enzyme is extremely
challenging, due to its negative charge, heterotetrameric state, and the fragile nature of its
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active site.28 Although some promising strategies have been described so far for intracellular
delivery of CASP-3, based on the use of lipid3” or poly(disulfide)s3® mediated mechanisms,
and different nanovehicles?8:39:40 or delivery reagents,142 most of them relied on complex
protocols and required long incubation times and high amounts of the apoptotic enzyme.

In this sense, ultrasound (US)-powered nanowire motors represent a particularly attractive
platform to overcome biological barriers and physical limitations associated to conventional
methods for functional protein internalization,2’ in order to develop a simple and efficient
strategy for intracellular delivery of CASP-3. The present nanomotor-based apoptosis
strategy relies on the accelerated intracellular delivery of active CASP-3, encapsulated
within a biocompatible pH-responsive polymeric coating on US-propelled gold nanowire
(AuNW) motors. The commercial pH-responsive polymer Eudragit® L30 D-55 was selected
for encapsulating CASP-3 enzyme, due to its rapid dissolution above pH 5.5,%3 thus
ensuring safe arrival of the active enzyme to the intracellular environment while preventing
the CASP-3 release in the extracellular space. The high pH-responsive CASP-3 delivery
strategy was selected taking into account the gastric tumor microenvironment and the pH
values found in malignant tumor cells, characterized by acidic (5.5-6.8) extracellular space
and neutral (7.3-7.8) intracellular cytosol.#445 It should be pointed out also that while the
new proof-of-concept has been demonstrated here for intracellular delivery in gastric cancer
cells, a major goal of this study is to demonstrate the unique ability of the US-powered
motors for intracellular delivery of therapeutic proteins. The new concept could thus be
readily carried out using different cells and pH-responsive coatings, depending on the
specific application.46

RESULTS AND DISCUSSION

As shown in Figure 1A, the AUNW motors were synthetized by a common membrane-
template electrodeposition protocol (see Methods section), consisted of electrodeposition of
gold (Figure 1A(a)) within the nanopores of an alumina membrane, followed by dissolution
of the membrane and release of the resulting AUNWSs. Subsequently, a droplet of the
AUNWSs was dispersed onto a glass slide until dried (Figure 1A(b)), and the wires were then
coated with the pH-responsive polymeric layer containing CASP-3 enzyme (Figure 1A(c)).
After the polymer/CASP-3 film was completely dried, the polymer/CASP-3 coated AUNW
motors (denoted polymer/CASP-3@AuNWS) were collected by softly scratching the glass
slide (Figure 1A(d)).

Figure 1B schematically illustrates the accelerated cell apoptosis process through /in situ
CASP-3 delivery using US-propelled nanomotors. The actual time-lapse image Figure 1C
(middle panel, taken from Supporting Video S1) illustrates that the polymer/CASP-3-coated
AuUNW motors move under an US field, approaching a target cell. Upon entering the cell, the
nanomotors are subject to intracellular pH environment (pH > 5.5), leading to dissolution of
their pH-sensitive coating and concomitant release of active CASP-3 enzyme, which
subsequently induces rapid cell apoptosis (Figure 1C, right panel). Compared to earlier
approaches for intracellular CASP-3 delivery,28:37-42 our nanomotor-based apoptotic
strategy offers the highest apoptosis efficiency using significantly shorter time and a lower
amount of CASP-3 (see comparison in Table S1 in the Supporting Information). As a proof
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of concept, these advantages of the nanomotor-based apoptosis approach have been
demonstrated using human gastric adenocarcinoma (AGS) cells, which are resistant to pH
changes, and have been demonstrated to retain high viability at pH as low as 5.0.47 The
present polymer coating is expected to ensure the enzyme stability in the highly acidic
gastric fluid of the stomach during potential /7 vivo gastric CASP-3 delivery applications.
Our results indicate that the US-propelled nanomotors represent an attractive platform for
effective delivery of active therapeutic enzymes to the cytosol of cells.

Scanning electron microscopy (SEM) imaging was carried out to examine the structural
morphology of the AUNW motors. Figure 2A(a) displays an SEM image of an uncoated
AuUNW, showing the wire structure of the nanomotor with a 200 nm diameter, which reflects
the pore size of the alumina membrane template. Figure 2A(b) and Figure 2B(a) show SEM
images of a polymer/CASP-3@AuUNW motor that illustrate the polymer/enzyme coating
along the nanomotor structure (according to the schematic illustration of Figure 2A(c)). The
diameter of the coated nanomotors is estimated from these images to be 280+8 nm,
indicating an average coating thickness of ~40 nm. It is important to mention that the
acoustic propulsion mechanism relies on US streaming over the rigid gold surface of the
asymmetric AUNW, which contains a concave end (Figure 2B(a)) essential for the motion.*8
Although good results were obtained with the 4 um-long polymer/CASP-3@AuUNWSs, the
size and shape of the nanomotors could be further investigated in order to optimize the
enzymatic loading and the apoptosis efficiency. The presence of Au, C, and N (from the
motor core, polymer, and enzyme, respectively) was confirmed from the corresponding
energy dispersive X-ray spectroscopy (EDX) mapping shown in Figure 2B(b—d). The US-
propulsion of the polymer/CASP-3@AuNW motors was compared to that of uncoated
AUNWSs, as illustrated from the time-lapse images of Figure 2C(a) and 2C(b), respectively,
and from Supporting Video S2. The polymer/CASP-3@AuNWSs displayed efficient
propulsion when compared to uncoated AuUNWS, yielding average speeds of 37 and 47 um/s,
respectively (Figure 2C(c)). Such behavior indicates that coating of the motors with the
polymer/CASP-3 film has a small effect upon their propulsion speed. Such fast movement is
essential for achieving efficient internalization of the polymer/CASP-3@AuNWSs into the
cells. In practical /n vivoapplications, the 37 um/s speed of the polymer/
CASP-3@nanomotors would be sufficient to penetrate within few seconds the mucus layer
of the stomach (~100 pm thickness) to reach and penetrate into the cancer cells, thus
ensuring negligible enzymatic release in the extracellular space.

Prior to demonstrating the /n vitro cell apoptosis induced by the polymer/CASP-3@AUNWS,
the enzymatic loading yield of the nanomotors was quantified by using a commercial
CASP-3 activity assay. Such assay relies on measuring the production of a CASP-3-
dependent luminescent signal (as described in Methods section). Initially, a luminescence
intensity calibration plot was constructed using different concentrations of pure CASP-3
(Figure S1). Subsequently, AuNWs were loaded with CASP-3 following the protocol earlier
described. The loaded CASP-3 was released /n vitro by increasing the solution pH from 5.0
to 7.0, thus ensuring complete dissolution of the polymer and the consequent release of the
enzyme. After separating the nanomotors, the supernatant containing the released enzyme
was analyzed with the commercial CASP-3 assay kit. The loading yield of the enzyme was
then calculated by interpolating the luminescence intensity of the released CASP-3 into the
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CASP-3 calibration plot. The estimated CASP-3 loading yield of 3.4 ng per batch of 6x10°
motors was obtained, which was considered optimal to induce apoptosis also by other
researchers.3’ This loading yield was thus used for all the experiments.

The morphology of AGS cells treated with US-propelled polymer/CASP-3@AuNWSs and
with different control conditions was examined before and after 1 h treatment. Figure 3
displays optical microscope images of AGS cells exposed to such different treatment
conditions. Clear changes in the cell morphology, indicative of cell apoptosis (/.e., irregular
shape with blebs),® were observed after treating the cells with US-propelled polymer/
CASP-3@AUNWSs, as compared to the untreated AGS cells (Figure 3A vs. Figure 3F). A
morphological change was also observed when treating cells with the free solution-phase
CASP-3, with or without an US field (Figures 3B and 3C, respectively). On the other hand,
negligible morphological changes of the AGS cells were observed following treatment with
static polymer/CASP-3@AuUNWSs (Figure 3D), which demonstrates the important role of the
US-propulsion to enable effective internalization of the nanomotors by the cells. Also, no
apparent morphological changes were observed using cells treated with US field alone
(Figure 3E).

Different control experiments were carried out to further confirm the role and performance
of the US-propelled polymer/CASP-3@AuUNWSs in rapidly inducing cell apoptosis. This
study involved evaluation of the AGS cell viability using a commercial cell proliferation
spectrophotometric assay based on a MTS tetrazolium compound (Figure 4), following the
protocol described in Method section. The measured absorbance values and the estimated
apoptosis efficiency (%) are shown in Figures 4A and Figure 4B, respectively. The
corresponding optical images of the cells in all the conditions assayed are displayed in
Figure S2. All the control experiments were compared to untreated AGS cells (negative
control, bar a), and to AGS cells treated with 2% Triton X-100 (positive control, bar j). An
initial control experiment, carried out using only US indicated minor apoptosis efficiency
(bar b). The non-acute cell toxicity found when using US-powered polymer-coated AUNWSs
(Figure 4B, bar c) is in agreement with previous results demonstrating that the same type of
motors do not affect significantly the viability of the target cells.>%:51 In agreement with the
qualitative observations of the cell morphology experiments, the highest apoptosis efficiency
was observed using US-powered polymer/CASP-3@AUNWSs. These coated hanomotors
resulted in 80.0% apoptosis efficiency, which is 3.3-times higher than the 24.4% efficiency
observed with the static ones (Figure 4B: bars i vs. d). Such dramatic enhancement of the
apoptosis efficiency demonstrates the important role of US-propulsion in the CASP-3
induced apoptosis process. Moreover, the 80.0% apoptosis achieved using US-propelled
polymer/CASP-3@AuNWSs, compared with the 36.1% apoptosis using free CASP-3
released from the motor under the same US conditions (Figure 4B: bars i vs. h),
demonstrates the significant role of AUNWSs in cytosolic delivery of CASP-3. On the other
hand, a similar apoptosis efficiency was observed using the same amount of free CASP-3 in
solution and CASP-3 released /n7 vitro from the motors, either under static conditions (31.0%
v530.1%, Figure 4B: bars f and e, respectively) or US condition (36.1% vs 35.7%, Figure
4B: bars h and g, respectively). Overall, these results demonstrate the high efficacy of the
presented intracellular protein delivery approach using pH-responsive polymer-coated
AuUNWSs. The data shows that CASP-3 maintains its activity after immobilization on the
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motors using the commercial pH-responsive polymer. Caspases are delicate enzymes that are
susceptible to inactivation during delivery process,8 but these results reflect the protective
action of the pH-responsive polymer and indicate their stability throughout the nanomotor-
based delivery process. While the exact reason of this stability is not fully understood, it
could be attributed to the entrapment of the enzyme within the polymer coating that retains a
stable CASP-3 structure similar to that observed by other researchers after its confinement in
polyethyleneglycol.52

Overall, compared with other apoptosis approaches reported to date (Table S1), this
nanomotor strategy results in the highest apoptosis efficiency while using significantly
shorter times and smaller amounts of CASP-3. The dramatically faster apoptosis and lower
amounts of CASP-3 reflect the movement of the US-propelled AUNWSs and their efficient
delivery of active CASP-3 to the cytosol of target cells, and the CASP-3 stability in the pH-
responsive polymer. A magnetic segment could be easily incorporated into the US-propelled
polymer/CASP-3@AuNWSs, which allows the motors to be easily and specifically guided to
the cancerous tissue, limiting the apoptosis strictly to the target cancer cells and minimizing
the toxicity evoked to normal cells.

CONCLUSIONS

We have demonstrated that the combination of synthetic nanomotors with apoptotic enzyme
CASP-3 enabled direct and rapid intracellular protein delivery with significantly enhanced
cell apoptosis efficacy and efficiency compared to other delivery approaches. Specifically,
these US-propelled CASP-3 delivery nanomotors could be rapidly internalized into cancer
cells and dramatically improve the apoptosis efficiency compared with static nanomotors or
free enzyme-based approaches using similar CASP-3 levels. Up to 80% apoptosis of AGS
cells has been observed after 5 min treatment with US-propelled high-pH responsive
polymer/CASP-3@AuNWSs. Such improvement reflects the necessity and importance of fast
internalization and rapid intracellular movement of nanomotors for effective cytosolic
protein delivery. A series of control experiments supported the important role of the
nanomotor movement in the efficient induction of apoptosis, and of the high-pH responsive
polymer in ensuring the functional activity of the delivered enzyme. Although such
nanomotor-based intracellular delivery approach is still in its infancy and further system
optimization is required for in vivo drug delivery to gastric tumor, this initial proof-of-
concept /n vitro study clearly indicates that US-propelled nanomotors may act as an efficient
vehicle for direct cytosolic delivery of active therapeutic proteins. It should be pointed out
that while a high-pH responsive polymer has been used in the present study as a coating for
intracellular protein delivery in gastric cancer cells, different pH-responsive coatings could
be readily used for specific applications, based on the corresponding extracellular/
intracellular pH conditions.

METHODS

Reagents and solutions

The commercial pH-responsive coating (enteric polymer Eudragit® L30 D-55) was obtained
from Evonik Industries (Germany).
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Active Recombinant Human Caspase-3, (CASP-3, 5 ug, 37.5 KDa) was purchased from
BioVision, Inc. (Milpitas, CA). The lyophilized CASP-3 was reconstituted in phosphate
buffer saline (PBS) solution pH 7.4 containing 15% glycerol. The enzyme was divided into
90 nM aliquots, and immediately stored at —70°C until use. Standard solutions of the
enzyme were prepared daily from the 90 nM stored aliquots in the same buffer solution.

AGS cells (human gastric adenocarcinoma, ATCC® CRL-1739™) were cultured in Ham’s
F-12K medium (Gibco) supplemented with 10% fetal calf serum (Hyclone), penicillin-
streptomycin (Gibco) at 37 °C in a humidified atmosphere containing 5% CO,. Before the
experiments, cell cultures were detached with 0.25% trypsin-EDTA (Gibco) and
resuspended in fresh cell culture media. Concentrations of cells in suspension were
measured by hemocytometer (Hausser Scientific Partnership, Horsman, PA) and adjusted to
5x104 cells/mL by cell culture media.

All chemicals used were of analytical-grade reagents, and deionized water was obtained
from a Millipore Milli-Q purification system (18.2 MQ cm at 25 °C).

Nanomotors fabrication

The gold nanowire (AuUNW) motors were prepared by a common template-directed
electrodeposition protocol. A thin gold film was first sputtered on one side of the porous
alumina membrane template containing 200-nm diameter cylindrical nanopores (Catalogue
No. 6809-6022; Whatman, Maidstone, UK) to serve as a working electrode. The membrane
was assembled in a Teflon plating cell with aluminum foil serving as an electrical contact for
the subsequent electrodeposition. A sacrificial copper layer was electrodeposited into the
branched area of the membrane using a 1 M cupric sulfate pentahydrate solution (CuSQOg.
5H,0, Sigma-Aldrich, St. Louis, MO), using a charge of 8 C and a potential of —0.90 V (vs
a Ag/AgCl reference electrode, along with a Pt-wire as a counter electrode). The removal of
this sacrificial layer helped to create the concave shape in one end of the gold wire
nanomotor. Subsequently, Au was plated using a commercial gold plating solution (Orotemp
24 RTU RACK; Technic Inc., Anaheim, CA) at —0.95 V (vs Ag/AgCl), using a charge of 3.5
C. The resulting AUNWSs had a length of around 4 pm. The sputtered gold layer and the
copper sacrificial layer were simultaneously removed by mechanical polishing using cotton
tip applicators soaked with 0.5 M CuCl, solution in 20% HCI. The membrane was then
dissolved in a 3 M NaOH solution for 30 min to completely release the nanowires. The
resulting nanomotors were separated from solution by centrifugation at 7,000 rpm for 5 min
and washed repeatedly with ultrapure water (18.2 MQ cm) until a neutral pH was achieved.
Between washing steps, the nanomotors solution was mixed with ultrapure water and briefly
sonicated (3 s) to ensure complete dispersion of nanomotors in the washing water. All
AuUNWSs were stored in 1 mL of ultrapure water at room temperature until use.

CASP-3 loading onto nanomotors

The commercial Eudragit® L30 D-55 enteric polymer was chosen to be loaded with CASP-3
enzyme and to be coated on the AUNW motors to prevent the release of CASP-3 from the
nanomotors in the extracellular environment, thus ensuring the safe arrival of the active
enzyme to the intracellular space. First, a batch of AUNWSs (~6x10° motors) was collected in
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water, and the micromotor suspension was dispersed onto a glass slide and let it until dried.
The CASP-3-loaded nanomotors were prepared by using a mixture of Eudragit® L30 D-55
polymer and 90 nM CASP-3 solution. The nanomotors were coated with a 100 pL film of
the enzyme-polymer mix solution. Finally, after the enzymatic-polymeric film was
completely evaporated, the pH-responsive-polymer-CASP-3@AuNWSs were collected in a
1.5 mL tube by lightly scratching the motors off the glass slide. It is worth to mention that
no significant aggregation of the AUNW motors or any loss of CASP-3 activity was
observed using this modification protocol. All steps were carried out at room temperature.

pH-responsive polymer-coated AuNWSs without CASP-3 were also prepared using the same
protocol to perform the corresponding control experiments.

The polymeric-enzyme coating thickness was examined by SEM. The 200 nm original
diameter of the nanomotors (defined by the micropores of the alumina membrane template)
was compared with the 280+8 nm coated-nanomaotors, calculating an average coating
thickness of ~80 nm.

Quantification of CASP-3 loading yield

To estimate the CASP-3 loading on the nanomotors, a luminescent assay that measures
caspase-3 activity (Caspase-Glo® 3/7 Assay; Promega Corporation) was used. First, a
luminescence intensity calibration plot using different concentrations of pure CASP-3 was
constructed (Figure S1), being the luminescent signal proportional to the amount of caspase
activity. Then, AUNWs were loaded with CASP-3 following the protocol described above.
After that, the loaded CASP-3 was /n vitro released by increasing the pH of the solution
from 5.0 to 7.0, thus ensuring the complete dissolution of the polymer and the consequent
release of the enzyme. After separate the nanomotors, the supernatant containing the
released enzyme was mixed with the Caspase-Glo® 3/7 reagent following the specifications
of the commercial kit. Luminometer readings were taken after 1 hour incubation at room
temperature. The luminescence intensity of the released CASP-3 was interpolated into the
luminescence intensity calibration plot, from which the loading yield of enzyme was
calculated. The estimated CASP-3 loading yield was 3.4 ng per batch of motors (average
value based on the values calculated from 3 different batches of motors).

In vitro intracellular apoptosis induction

The nanomotor-based cell apoptosis induction mechanism involved the /n vitro apoptosis
induction of AGS cells by the intracellular CASP-3 released from the pH-responsive
polymer-CASP-coated nanomotors. To perform these experiments, a mixture of 2.5 uL of
the cell suspension (~600 cells/uL) and 2.5 pL of the pH-responsive polymer-
CASP-3@AuUNWSs (~6x10° motors) was prepared and put into the US holder, applying 6 V
and 2.56 MHz during 5 min. After performing 3 incubations, the total volume (~5.0x103
cells) of the mixture solution was placed in a well containing 90 pL Corning cellar DMEM
media (pH adjusted to 5.0) with 4.5 g/L glucose, L-glutamine, and sodium pyruvate; 10%
Hylcone Bovine Growth Serum (FBS); and 1% penicillin streptomycin. The pH value of the
media was selected taking into account the gastric tumor microenvironment and the pH

ACS Nano. Author manuscript; available in PMC 2018 June 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

de Avilaetal. Page 9

values found in malignant tumor cells, characterized by acidic (5.5-6.8) extracellular space
and neutral (7.3-7.8) intracellular cytosol.4

Cell viability/apoptosis assay

To determine the apoptosis efficiency, cell viability was assessed using the CellTiter 96®
AQueous One Solution Cell Proliferation Assay (Promega Corporation), based on a MTS
tetrazolium compound. In brief, 10 uL of the MTS reagent were added into each well
(containing the mix of nanomotors and cells), mixed gently, and incubated at 37 °C for 3 h.
This was followed by reading the absorbance of the 96 well-plate at 490 nm using a plate
reader. The quantity of formazan product as measured by Abs at 490 nm was directly
proportional to the number of living cells. The percentage of apoptosis was calculated
assuming that the average absorbance of the wells containing non-treated cells represented
100% viability.

Ultrasound equipment

The acoustic cell setup consisted of a piezoelectric transducer (Ferroperm PZ26 disk 10 mm
diameter, 0.5 mm thickness) responsible for the generation of ultrasound waves, attached by
conductive epoxy glue to the bottom center of a steel plate (50 mm x 50 mm x 0.94 mm?3):
then the steel plate was covered with a 240 um kapton tape protective layer and a sample
reservoir at the center (5 mm). A glass slide was used to cover the reservoir for ultrasound
reflection and to protect the sample. The continuous ultrasound sine wave was applied viaa
piezoelectric transducer, through an Agilent 15 MHz arbitrary waveform generator, in
connection to a home-made power amplifier. The applied continuous sine wave form had a
frequency of 2.56 MHz and 6 V voltage amplitude.

Videos were captured using Cool SNAP HQ? camera, 20x and 40x objectives (unless
mentioned otherwise) and acquired at the frame rate of 10 using the Metamorph 7.1 software
(Molecular Devices, Sunnyvale, CA). A Nikon Eclipse 80i upright microscope was also
used to capture time course images of the morphological changes of AGS cells treated with
US-propelled pH-responsive polymer-CASP-3@nanomotors and other conditions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Preparation of pH-responsive polymer/CASP-3 coated AUNW motors (polymer/
CASP-3@AuUNWS) and their intracellular delivery of CASP-3

(A) Schematic preparation of the polymer/CASP-3@AuNWSs: template electrodeposition of
AUNWSs (a), release of AUNWSs from the nanoporous alumina membrane and AUNWSs
dispersion over a glass slide (b), coating AUNWSs with a CASP-3-loaded pH-responsive
polymer (c), and release of the polymer/CASP-3 coated AUNWSs by a soft scratching of the
glass slide (d). (B) Schematic of the nanomotor-based CASP-3 intracellular delivery to
induce apoptosis of the recipient cell: the polymer/CASP-3@AUNW enters a cell through
US-enabled active motion; upon entering the cell, the pH-responsive polymer coating
dissolves, releasing the enzyme and inducing cell apoptosis. (C) Actual time-lapse images of
a healthy AGS cell, US-powered polymer/CASP-3@AuNWSs approaching an AGS cell, and
an apoptotic AGS cell (from left to right, respectively).
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Figure 2. Characterization of the polymer/CASP-3@AUNWs
(A) Comparison of scanning electron microscopy (SEM) images of an uncoated AuUNW (a)

and a polymer/CASP-3@AuUNW (b), along with a schematic image of the polymer/
CASP-3@AUNW motor (c). (B) SEM image of a polymer/CASP-3@AuNW motor (a), and
corresponding energy-dispersive X-ray spectroscopy (EDX) images showing the distribution
of gold (b), carbon (c), and nitrogen (d). (C) Time-lapse optical images, taken from
Supporting Video S2, showing the propulsion behavior of a polymer/CASP-3@AuNW
motor (a) and an uncoated AUNW motor (b); (c) comparison of the speed of the US-powered
polymer/CASP-3@AuNW motors (green bar) and uncoated AUNW motors (red bar). US
field: 6 V, 2.56 MHz.
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Figure 3. Evaluation of the morphological changes of AGS cellstreated with US-propelled
polymer/CASP-3@AuNW motorsor with other control conditions

Comparison of optical microscope images taken at different times (0 min and 1 h) of AGS
cells treated with: US-propelled polymer/CASP-3@AuUNWSs (A), 3.4 ng of free CASP-3 and
applying US (B), 3.4 ng of free CASP-3 without US (C), polymer/CASP-3@AuUNWSs
without US (D), US alone (E), and untreated AGS cells (F, used as a negative control).
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Figure 4. Apoptosis of gastric cancer cellsinduced by polymer/CASP-3@AUNW motors along
with control experiments

(A) MTS cytotoxicity assay results. Absorbance measured at 490 nm from cells incubated
under different conditions: untreated cells (a), cells only treated with US (b), cells treated
with US-powered polymer coated AUNWSs (no CASP-3) (c), cells treated with static
polymer/CASP-3@AuNWSs (no US) (d), cells treated with CASP-3 released from motors
and static conditions (e), cells treated with same amount of free CASP-3 under static
conditions (f), cells treated with CASP-3 released from motors and US conditions (g), cells
treated with same amount of free CASP-3 under US conditions (h), cells treated with US-
powered polymer/CASP-3@AuUNWs (i), and cells treated with 2% Triton X-100 used as a
positive control (j). All cells were incubated with the MTS reagent at 37°C for 3 h before
measuring the corresponding absorbance. (B) Bar diagram illustrating the cell apoptosis
efficiency observed in the different treatment groups. US conditions: 6 V, 2.56 MHz and 5
min. Other conditions: 110 pL total solution volume; 6x10° nanomotors; 5x103 AGS cells;
3.4 ng of CASP-3; Dulbecco's Madified Eagle Medium (DMEM).
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