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ABSTRACT: We describe a biodegradable, self-propelled
bovine serum albumin/poly-L-lysine (PLL/BSA) multilayer
rocket as a smart vehicle for efficient anticancer drug
encapsulation/delivery to cancer cells and near-infrared light
controlled release. The rockets were constructed by a template-
assisted layer-by-layer assembly of the PLL/BSA layers,
followed by incorporation of a heat-sensitive gelatin hydrogel
containing gold nanoparticles, doxorubicin, and catalase. These
rockets can rapidly deliver the doxorubicin to the targeted
cancer cell with a speed of up to 68 um/s, through a
combination of biocatalytic bubble propulsion and magnetic
guidance. The photothermal effect of the gold nanoparticles
under NIR irradiation enable the phase transition of the gelatin
hydrogel for rapid release of the loaded doxorubicin and

efficient killing of the surrounding cancer cells. Such biodegradable and multifunctional protein-based microrockets provide a
convenient and efficient platform for the rapid delivery and controlled release of therapeutic drugs.
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B INTRODUCTION

The development of synthetic motors capable of converting
chemical energy into autonomous movement is one of the most
exciting challenges in the field of nanotechnology.l_5 Various
synthetic motors propelled by different mechanisms have been
developed during the past decade.®”'> Among them, function-
alized rolled-up or polymeric-based microengines,">'* bimet-
allic nanorods,'® Janus particles,16 helical swimmers,'”™*°
ultrasound-propelled nanomotors,”®*! particle-based
motor,”>** polymer multilayer-based rockets, or Janus capsule
motors**® have displayed impressive performance in various
potential applications, ranging from biomedicine to environ-
mental analysis and remediation.”® This tiny nanodevices have
the capability of picking-up, transport, and release diverse
cargoes including polymeric particles, cancer cells, nucleic acids,
bacteria, and oil droplets.””>"

Practical applications of synthetic motors in biomedical fields
require both its degradation into nontoxic compounds and high
biocompatibility with living organisms. However, previously
reported synthetic motors commonly consist of noble metals or
synthetic polymers with poor biocompatibility and biodegrad-
ability, limiting thus their practical applications.”*~>* Recently, a
biodegradable plant-based microswimmer has been reported,
but its ability for drug delivery applications have yet to be
demonstrated®® Hence, the development of biodegradable
synthetic motors capable of the transport and release of cargoes
in a controlled manner is still a challenging issue.
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A promising strategy to fabricate biocompatible and
biodegradable functionalized motors is based on the
template-assisted layer-by-layer (LbL) assembly.**** The
LbL-template method involves consecutive assembly of differ-
ent components, such as natural or synthetic polymers,
proteins, lipids, vesicles, micelles, and nanoparticles, into the
pores of membrane templates, without altering the active
properties of such components.>** > As a natural polymer,
proteins have outstanding biocompatibility and biodegrad-
ability, thus they are widely used as building units for the
preparation various drug carriers. For example, LbL assembled
protein nanotubes have been developed recently as enzymatic
bioreactors and biosensors for biomedicine and biosepara-
tions.*® However, the use of nanotubes based on a protein-
based framework as autonomous motor system has not been
reported yet.

Here we demonstrate the successful fabrication of a
biodegradable poly-L-lysine hydrochloride/bovine serum albu-
min multilayer microtube through the use of the nanoporous
template-assisted LbL technique, following the integration of a
thermal-sensitive gelatin hydrogel into the multilayer tubes.
Unlike the traditional hollow multilayer tube, this gelatin
hydrogel core can greatly improve the encapsulation capacity,

Received: September 3, 2014
Accepted: December 12, 2014

Published: December 12, 2014

dx.doi.org/10.1021/am507680u | ACS Appl. Mater. Interfaces 2015, 7, 250—255


www.acsami.org

ACS Applied Materials & Interfaces

Research Article

Scheme 1. Fabrication and Light-Triggered Drug Release Process of (PLL/BSA),,-DOX-CAT-AuNPs-Gelatin Rockets: (a)
Deposition of Different Functional Components into the PLL/BSA Multilayer Coated Template; (b) Release of (PLL/BSA),,-
DOX-CAT-AuNPs-Gelatin Rockets by Dissolving the Template; (c) Anticancer Drug (DOX) Release from the Rockets under
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thus loading different functional components such as catalase
(as catalyst for autonomous propulsion), gold nanoparticles
(for photothermal phase transition of the hydrogel), and
doxorubicin (anticancer drug). The free diffusion of hydrogen
peroxide fuel into the catalase containing gelatin hydrogel
results in the catalytic generation of water and oxygen bubbles
(“propulsion gas”), that are expelled through the large opening
of the microtubes, moving thus the tube forward (“miniaturized
rocket”). The combination of low melting point gelatin
(melting point of about 36.5 °C) and gold nanoparticles with
a strong plasmon resonance in the near-infrared (NIR) region
allow for a fast drug release. Upon NIR irradiation, electro-
magnetic energy is absorbed by the gold nanoparticles and
dissipated as heat into the gelatin hydrogel. The increase in
temperature inside the microengines will result in theof the
gelatin hydrogel melting and subsequently the rapid release of
the encapsulated drugs into the surrounding media. In addition,
the protein-based rockets can be enzymatically degraded after
completing their task, and thus will not cause adverse and toxic
effects in vivo. This represents a new concept on the use of
proteins as building blocks for the development of biocompat-
ible self-powered synthetic engines for practical biomedical
applications.

B EXPERIMENTAL SECTION

Materials. Unless otherwise noted, all the chemicals were obtained
from commercial suppliers and used without further purification.
Doxorubicine (DOX) was purchased from Shanghai Yuanye Biological
Technology Co., Ltd.. Gelatin, catalase (CAT), bull Bovine serum
albumin (BSA), poly-L-lysine hydrochloride (PLL, M, = 30000—
70 000), HAuCl,-4H,0, citric acid monohydrate, H,0, (30% v/v),
NaCl, and ethanol were used without further purification. Water
purified using a Milli-Q purification system (18.2 MQ cm™) was used
in all the experiments.

Preparation of Gold Nanoparticles (AuNPs). To prepare
citrate-stabilized gold nanoparticles, SO mL of a citric acid (2.2 mM)
solution was placed in a three-neck round-bottom flask and heated to
100 °C. Subsequently, 1 mL of 25 mM HAuCl, solution was added
and the reaction mixture was heated at 100 °C for 3.5 min before it
was allowed to cool to room temperature.

Preparation of (PLL/BSA),,-DOX-CAT-AuNPs-Gelatin Rock-
ets. The (PLL/BSA),;-DOX-CAT-AuNPs-gelatin rockets were
fabricated through a template assisted Layer-by-Layer assembly
protocol. Polycarbonate (PC) membranes (average pore diameter, S
pum), were employed as the templates. The PLL solution (1 mg/mL in
0.1 M NaCl) and BSA solution (1 mg/mL) were used for the assembly
of PLL/BSA multilayers in the inner pores of the template. All the
solutions were filtered through a 0.45 ym-membrane filter before use.
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The negatively charged BSA and positively charged PLL were
alternately adsorbed for 30 min in the pores of the membrane for
the formation one bilayer. Between each layer growing, the membrane
was washed three times with purified water before immersing the
template into the next polyelectrolyte solution. When 10 bilayers of
polymer film were obtained, the template was immersed into the
mixture solution containing AuNPs, DOX (1 mg/mL), catalase (1
mg/mL), and gelatin (25 mg/mL). The solution and template were
incubated in a vacuum jar at 50 °C for 30 min. Then, the template was
kept at 4 °C overnight. In order to remove the excess of
polyelectrolyte and gel layers, the top and bottom surface of the
membrane template were polished using a wet cotton swab.
Subsequently, the rockets were released by dissolving the membrane
in CH,Cl,. The resulting solution was washed 3 times with CH,Cl,.
The rockets were collected by centrifugation at 4000 g for 3 min,
followed by redispersion in ethanol and water. The rocket solution was
then stored at 4 °C for further experiments.

Biodegradation of the Protein Rockets. The protein rockets
were incubated overnight with a-chymotrypsin solution (S U mL™) in
phosphate buffer solution (PBS) at pH 7.4, at room temperature. The
samples were then separated from the incubation solution and washed
three times with water before SEM characterization.

Cell Culture and Investigation. The standard trypsin protocol
was performed to cultivate the HeLa cells in a Petri dish. The cell lines
were incubated in dulbecco’s modified eagle medium (DMEM)
containing 10% fetal calf serum and 1% penicillin and streptomycin at
37 °C, in a 5% CO, atmosphere.

B RESULTS AND DISCUSSION

The fabrication process and light-activated drug release of the
protein-based rockets are illustrated in Scheme 1. The
framework of 10 bilayers of positively charged poly-L-lysine
hydrochloride (PLL) and negatively charged bovine serum
albumin (BSA) were first deposited onto a track-etched porous
polycarbonate (PC) membrane (10 pm thickness, pore
diameter 5 um) following a previously reported procedure.®®
Then, the thermal-sensitive gelatin hydrogel cores were
incorporated into the rockets by immersing the template in a
aqueous solution containing gelatin, catalase (CAT), gold
nanoparticles (AuNPs), and doxorubicin (DOX) under vacuum
at 40 °C, followed by cooling the coated templates at 4 °C,
transforming the gelatin solution into a semi/solid hydrogel
structure. Well-dispersed (PLL/BSA),;-DOX-CAT-AuNPs-gel-
atin rockets solutions were obtained after dissolution of the PC
template in CH,Cl, and the washing steps mentioned in the
previous section.

To verify the presence of BSA in the building wall of the
rockets, we employed fluorescein isothiocyanate labeled BSA
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(FITC-BSA) during the rockets fabrication. Figure 1A shows
the confocal laser scanning microscopy image of (PLL/BSA);o-
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Figure 1. (A) Confocal laser scanning microscopy images and (B)
corresponding fluorescence intensity profile of (PLL/BSA);,-DOX-
CAT-AuNDPs-gelatin rockets. (C) TEM images of (PLL/BSA),,-DOX-
CAT-AuNPs-gelatin rockets. Inset shows the TEM image correspond-
ing to AuNPs in the gelatin hydrogel. (D) UV—vis spectra of AuNPs
(black curve), the gelatin (blue curve), the suspension of gelatin and
AuNPs (red curve), and the hydrogel of gelatin with AuNPs (pink
curve), respectively.

DOX-CAT-AuNPs-gelatin rockets. A green florescent region is
clearly observed on the surface of the rockets, corresponding to
the FITC-BSA layer, thus confirming its presence. The red
florescent area is the intrinsic fluorescence of the loaded DOX.
The intensity distribution of a single rocket in the red channel
(Figure 1B) shows that the maximum florescent intensity
comes from the framework of the rocket, and the fluorescence
intensity decreases close to the axis of the rocket, indicating
that the rocket was not fully blocked by the gelatin hydrogel.
The SEM image in the Supporting Information, Figure 1,
shows the top view of a rocket with hollow conical structure.
The wall thickness of the rocket is within the range of 400—600
nm, which is larger than that of the tubes with the same number
of bilayers and similar components,41 suggesting the successful
integration of the gelatin hydrogel into the rocket. This method
of loading DOX into the rockets by using the natural protein
hydrogel should also be available to the encapsulation of other
drug molecules with high water solubility and low molecular
weight.*” TEM image in Figure 1C (see also the Supporting
Information, Figure 1A) show the top view structure of a
(PLL/BSA),;-DOX-CAT-AuNPs-gelatin rockets. These images
further confirm that the rockets are fully loaded with the gelatin
hydrogel. Also, the thin pieces near the opening of the rocket
indicate the presence of a high population of AuNPs in the
hydrogel. The enlarged TEM image (the inset one in Figure
1C) shows the aggregation of AuNPs inside the rocket. The
UV—vis spectra in Figure 1d shows the red shifts of the
plasmon resonance absorption peak before loading of the
AuNPs at 522 nm and after the AuNPs were loaded into the
hydrogel at 660 nm further confirming the aggregation of
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AuNPs and its successful incorporation into the gelatin
hydrogel. Interestingly, the maximum absorption peak of the
aggregated AuNP is close to the NIR region, which is essential
for the NIR irradiation and assisted photothermal DOX release.
Light in the near-infrared (NIR) region is attractive in the
context of biomedical applications because body tissue has the
highest transmissivity in this region (so-called biological
window).

Because of the main components of the (PLL/BSA),,-DOX-
CAT-AuNPs-gelatin rockets being proteins and polypeptides,
the rockets can be easily degraded by enzymes normally present
in the human body. To evaluate the biodegradability of rockets,
a-chymotrypsin, a digestive enzyme present in human
pancreatic juice, was evaluated.* The rockets were incubated
with a-chymotrypsin in PBS buffer (pH 7.4) overnight. The
SEM images in Figure 2 show the protein-based rockets before

Figure 2. SEM images of the (PLL/BSA),,-DOX-CAT-AuNPs-gelatin
rockets before (A) and after (B) incubating with the a-chymotrypsin

solution.

and after the enzymatic treatment. A clear rocket structure can
be observed in Figure 2A, however, after incubation with the
enzyme as shown in Figure 2B, the rockets collapsed into tiny
thin pieces. This is because a-chymotrypsin can catalytically
cleave peptide amide bonds of the proteins and the peptides
present on the rockets, losing thus its conical structure. It
should be indicated here the completed degradation of these
protein-based rocket is only completely achieved after several
days of enzymatic treatment. Such a long period of time allows
for the successful drug delivery and release by the rockets.
Therefore, the biodegradability of the rockets could benefit
their metastasis after releasing the encapsulated drugs and
reduce the adverse effect in vivo. This feature makes these
rockets attractive for practical drug delivery and release in the
human body.

Practical motion-based drug delivery applications require that
effective motor propulsion is maintained at physiological
temperature. For instance, the Supporting Information Figure
2 and the corresponding Video 1 in the Supporting Information
illustrate the movement of a (PLL/BSA),,-DOX-CAT-AuNPs-
gelatin rocket at the speed of around 4 um/s at 0.5% H,0O, at
37 °C. These images show a long trail of microbubbles,
catalytically generated on the inner space and released from the
rear of the microtube. The propulsion of the (PLL/BSA),,-
DOX-CAT-AuNPs-gelatin rockets relies on the ejection of the
oxygen bubbles generated from the biocatalytic decomposition
of hydrogen peroxide (H,0,) by catalase present inside the
hydrogel at physiological temperature. The protein-based
rockets containing the gelatin hydrogel can still allow for the
diffusion of H,0,. Most interior space of the gelatin hydrogel
network inside the rockets is filled by the solvent, which favors
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the diffusion of H,O, into the catalase active sites and the
release of oxygen bubbles. Similar to previous reports,'*** the
speed of rockets is linearly dependent on the H,O,
concentration, increasing from 4 ym/s at 0.5% H,0, to 59
um/s at 2.0% H,0, at 37 °C (see the Supporting Information,
Figure 3). As a result, the drag force could be estimated by
using the Einstein—Stoke equation according to our previous
work,** and thus the drug force of rocket at a speed of 59 um/s
is nearly 7 pN. Such speeds are faster than the speed of a well-
known linear motor kinesin (roughly 800 nm/ s),** but lower
than the catalase propelled rolled-up or template microengines
at similar conditions.*>*® This can be partially attributed to the
encapsulation process of the catalase into the gelatin hydrogel,
which decreases the interaction of catalase and H,0,.*” The
average speed of the rockets at 37 °C is substantially higher
than that at room temperature because of the higher activity of
catalase at physiological temperature.*® At hydrogen peroxide
concentrations higher than 5%, the rockets display a short
lifetime (less than 10 min) because of the inactivation of the
catalase by the presence of a high gradient of hydroxyl
radicals.*

The anticancer drug loaded rocket also demonstrates
effective propulsion in cell culture media for drug trans-
portation to the predefined cancer cells. The remote navigation
of the rockets to the predefined cell site can be achieved by
assembling negatively charged magnetic nanoparticles (average
size of 10 nm) into the rocket by electrostatic attraction and by
theuse of an external magnetic field. The time-lapse images in
Figure 3, taken from the Supporting Information, Video 2,

Figure 3. (A—D) Time-lapse images of the movement of a (PLL/
BSA);(-DOX-CAT-AuNPs-gelatin rockets to the sheets of Hela cells
in PBS solution with 0.5% H,O, at 37 °C. Scale bar = 20 ym.

illustrate a (PLL/BSA),;-DOX-CAT-AuNPs-gelatin rocket
rapidly moving to the targeted cancer cells under navigation
of an external magnetic field at 0.02 T. It has been proved that
this magnetic intensity can only change the direction of motion,
but cannot influence its speed.” Initially, the rocket moved
randomly at a speed of 4 ym/s in the cell culture media (pH
7.2) containing 0.5% H,0, at 37 °C (Figure 3A, B). Such speed
is slower than that in pure PBS solution, reflecting the increased
viscosity in cell culture media and the fouling of cell culture to
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the rockets.>® Subsequently, the rocket was steered to approach
the targeted HeLa cells by applying a magnetic field (Figure
3C). Upon contacting HeLa cells, the rocket attached onto the
surface of cells and did not detach because of the electrostatic
absorption between the cell membrane and the front end of the
multilayer rockets (Figure 3D). Also, the penetration of the
moving rockets into the outer membrane of the HeLa cells
should partially contribute to its immobilization. At this low
concentration of peroxide fuel, the HeLa cells did not change
their shape for more than 90 min, implying the survival of HeLa
cells. If needed, the rockets could utilize biocompatible fuel or
apply fuel-free propulsion to ensure in vivo viability with
human cells.™

Recent study has shown the tubular micromotors (diameter,
2 um; length, 20 ym), which loaded SiO, and Au particles for
the delivery and autonomous release of cargos.”> Similarly, the
biodegradable protein-based motor can also perform the NIR-
response drug release, the rockets release the aggregate
containing DOX as drug cargo under the exposure of NIR
beam. The optical microscopy time-lapse images in Figure 4,

Figure 4. (A—D) Time-lapse images of triggering the DOX release
from the (PLL/BSA),;-DOX-CAT-AuNPs-gelatin rockets under NIR
irradiation. The purple spot shows the NIR laser, whereas the brown
solution indicates the DOX released from rockets. Scale bar = 20 ym.

taken from the Supporting Information, Video 3, show the
NIR-triggered DOX release from the (PLL/BSA),,-DOX-
CAT-AuNPs-gelatin rockets attached to HeLa cells. The DOX
cargos, clearly observed in the figure in brown color, rapidly
diffuses into the surrounding media after NIR irradiation. The
diffusion of DOX colored solution into the surrounding media
reach values of up to 5000 ym® in 4 s. Negligible observation of
particles released from the rocket, indicates the size of DOX
cargo possess nanoscale during the diffusion to nearby cells. It
should be noted that the brown color region observed in the
optical microscope correspond to a relatively high concen-
tration of DOX (1 ng per rocket). At lower DOX
concentration, as testified by the fluorescence images in the
Supporting Information Figure 4, the brown coloration cannot
be clearly observed after the NIR irradiation for 1 s, although
effective NIR triggered release was achieved. This is mainly
because these rockets were loaded with a relatively low amount
of DOX (0.2 ng per rocket). The NIR-triggered DOX cargo

dx.doi.org/10.1021/am507680u | ACS Appl. Mater. Interfaces 2015, 7, 250—255



ACS Applied Materials & Interfaces

Research Article

release is attributed to the photothermal effect imparted by the
AuNPs present in the gelatin hydrogel. The AuNPs in the
hydrogel could convert light energy to heat energy and causes
the gel—sol phase transformation of the gelatin hydrogel and
the subsequent release of the encapsulated DOX.>* These
results confirm the possibility of using protein-based rockets as
a biodegradable and multifunctional drug carrier autonomous
vehicle. It is worth mentioning that nanoporous template-
assisted layer-by-layer (LbL) technique allows for the
construction of tubular nanostructure with controllable
geometry, size and thickness ranging from tens of nanometers
to several hundreds of nanometers. Therefore, protein-based
nanorockets with defined sizes at the nanoscale could be
conveniently prepared for future practical applications.

B CONCLUSIONS

In conclusion, we have demonstrated a hybrid protein-based
rocket for drug delivery and light-triggered drug release in a
controlled manner. The rockets can be completely biodegraded
after enzymatic treatment under physiological conditions, thus
indicating minimal in vivo toxicity. The hydrogel cores allows
for a high amount of drugs encapsulated in the rockets, with
only a slight reduction in its speed. The newly developed
protein-based rockets can be conveniently navigated to the
targeted sites with the release of the encapsulated drug
triggered under biocompatible NIR irradiation. Our strategy
of integrating a heat-sensitive hydrogel into the rockets, allows
for the efficient and the controllable loading of various
components with different sizes of hydrophobic or hydrophilic
properties. Such biodegradable protein-based rockets can serve
as a convenient and efficient platform for next generation of
smart vehicles in the biomedical field.
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