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Abstract: Cancer is one of the primary causes of death
worldwide. A high-precision analysis of biomolecular behav-
iors in cancer cells at the single-cell level and more effective
cancer therapies are urgently required. Here, we describe the
development of a magnetically- and near infrared light-
triggered optical control method, based on nanorobotics, for
the analyses of cellular functions. A new type of nanotrans-
porters, composed of magnetic iron nanoparticles, carbon
nanohorns, and liposomes, was synthesized for the spatiotem-
poral control of cellular functions in cells and mice. Our
technology will help to create a new state-of-the-art tool for the
comprehensive analysis of “real” biological molecular infor-
mation at the single-cell level, and it may also help in the
development of innovative cancer therapies.

Cancer development starts from one single cell that changes
its normal behavior and fate."! This transformation from
normal to tumor cell is a multistage process, typically
representing a progression from a pre-cancerous lesion to
malignant tumor. These changes are the result of the
interactions between individual genetic factors and external
agents. Over the last decades, the analyses of cancer risk
factors and the early detection strategies have been develop-
ing rapidly.”) However, a high-precision analysis of the
biomolecular behaviors of cancer cells at the single-cell
level has not been investigated thoroughly, and efficient
therapies are not available yet. Additionally, data demon-
strating how anticancer drugs affect a single cancer cell have
not been explored. The information about tumor micro-
environment, and the development of the strategies for
cancer prevention and management could be valuable in
a variety of cancer treatments. We believe that many types of
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cancer can be reduced and controlled by implementing
strategies for single-cell manipulation and external control
or by a strict control of molecular behaviors in cancer cells.

The emerging field of nanorobotics® has the objective to
associate different classes of molecules with a variety of
materials, in order to obtain new functionalities. This
approach also allows the development of advanced and
performing devices endowed of multifunctional modalities in
different fields of applications, including biomedicine and
nanomedicine. In the past decades, the continuous develop-
ment of nanotechnology has brought innovations in biomed-
icine, leading to remarkable improvements in the fields of
therapy, imaging, and diagnosis.® The controlled delivery of
bioactive agents and the local treatment of diseases represent
a novel perspective in the development of efficient multi-
functional therapeutics.”! The future goals of nanorobotics in
the fields of biology and biomedicine are those allowing
progress in the temporal and spatial site-specific drug
delivery, local therapy, imaging, and cellular manipulation
of biological processes. However, these studies are still
relatively immature. Previously developed nanocomplexes,
such as self-assembled and supramolecular nanorobots,®
DNA nanomachines,”’ and self-powered metal-alloy micro-
robots,'"? have not been thoroughly investigated in vivo.
Additionally, more sophisticated manipulations, such as
a better directional control of movements and the simplifi-
cation of controlled drug release at the target sites, are
required to achieve the future goals in this field.

The design of advanced nanorobots is another key
element in the development of new light technologies for
cellular manipulation, which can be exploited in different
fields, including caged compounds,”®! optochemical genet-
ics!! and optogenetics.™™ Ultraviolet,' short-wavelength
visible,"” or infrared™ light has been applied in various
optical techniques to control cellular functions. However,
light at these wavelengths shows poor penetration into deep
biological tissues. Biological systems are instead relatively
transparent to light within the diagnostic window between 650
and 1500 nm, except to water absorbance wavelength at
1480 nm."”) Recently, we synthesized several nanorobots**!
that allowed the use of near-infrared (NIR) light (wave-
lengths 700-2500 nm) that can penetrate into deep tissues.
NIR-driven nanorobots have a potential of becoming an
ultimate light technology for in vitro and in vivo single-cell
manipulations. The high-accuracy control of nanorobot
performance in a physiological environment is the next key
step for improved cellular manipulations of living organisms.

In this study, we developed a new type of supramolecular
nanotransporters based on magnetic iron nanoparticles
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(MAG), carbon nanohorns (CNHs), and liposomes with high
biocompatibility. These molecular hybrids can easily pene-
trate into cells by a simple application of magnetic field.
Magnetic field- and NIR laser-induced nanotransporters can
facilitate the controlled release of substrates from the
structures at a target site in cells and organisms, and enable
enzymatic reactions. This work represents a proof-of-princi-
ple study demonstrating that in vitro and in vivo enzymatic
reactions can be mediated by the different functions of the
artificial nanorobots, such as those stemming from their
magnetic and photothermal properties, leading to the con-
trolled release of loaded molecules. These molecular com-
plexes will provide new opportunities to analyze molecular
events in living cells and organisms, to perform comprehen-
sive analyses of the biomolecular processes and provide
powerful and multifunctional cancer treatments.

To enable an effective molecular transporter functionality
in physiological environment, we used avidin-biotin inter-
actions and self-assembly techniques to synthesize MAG-,
oxidized CNH (CNH,,)-, and liposome- (MAG-CNH,(-lip-
osome)-based supramolecular hybrids (Figure 1). To prepare
these hybrids, avidin-biotin-polyethylenimine (PEI)-MAG-
functionalized-CNH,, (avidin-biotin-PEI-MAG-CNH,,)
complexes were allowed to spontaneously interact with
functionalized liposomes made of 1,2-distearoyl-sn-glycero-
3-phosphoethanolamine-N-[biotinyl(polyethylene  glycol)-
2000] (biotin-PEGy-PL) and 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl)
(NBD-PE) molecules. NBD molecules on the liposomes were
useful for the detection of the supramolecular structure of
MAG-CNH,-liposome nanotransporters by fluorescent mi-
croscopy. Green fluorescent particles were observed when
MAG-CNH,, and liposome were mixed in all tested ratios
(Figure 2a and Figure S1 in the Supporting Information). We
did not detect the strong fluorescence signal of separated
avidin-biotin-PEI-MAG-CNH,, and functional liposomes
(liposome:avidin-biotin-PEI-MAG-CNH,, ratio=1:0 and
0:100). The fluorescent particle size was the smallest when
the ratio of liposome:avidin-biotin-PEI-MAG-CNH,, was
1:100. Larger aggregates were formed at the other analyzed
ratios (liposome:avidin-biotin-PEI-MAG-CNH,, = 1:25, 1:50,
1:75). These results indicate that the optimal combination
between the functional liposome and avidin-biotin-PEI-
MAG-CNH,, is 1:100, which we used in the next experiments,
including dynamic light scattering (DLS; Table S1). When
this ratio was investigated, we observed “teddy bear”-shaped
supramolecular MAG-CNH,,-liposome assemblies using
transmission electron microscopy (TEM; Figures2b and
S2). TEM showed that CNHs (average diameter ca. 50 nm,
n=100) decorated the surface of the liposomes (average
diameter ca. 150 nm, n=100), as shown in Figure 1a. The
average number of CNHs on the molecular complexes was
about 2.3. These results reveal that the synthesized MAG-
CNH,,-liposome nanotransporters have supramolecular
structures stabilized by avidin-biotin interactions.

Next, we investigated the cytotoxicity of MAG-CNH,-
liposome nanotransporters, as this is a very important issue
not only for the control of enzymatic reactions in physio-
logical conditions but also for future biomedical applications.
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Figure 1. Schematic illustration of the nanotransporters.

The survival of human cervical cancer cells (HelLa) was
investigated using WST-1 assays (Figure 2¢). HeLa cells were
pre-incubated with three different concentrations (CNH =5,
10, or 25ugmL~', lipids in liposome=3, 6, or 15 um,
respectively). We showed that over 90% cells were viable
following the treatment, likely thanks to the water-dispersing
properties and the high biocompatibility of PEGP at the
interfaces of the liposomes. Previously, we confirmed, through
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Figure 2. Characterization of MAG-CNH,,-liposome supramolecular
nanotransporters. a) Fluorescence micrographs of nanotransporters
(CNH =167 ugmL™", lipid in liposomes =25 pum). b) TEM image of
the nanotransporter structure. Sample concentration used:

CNH=10 ugmL™", lipids in the liposomes =6 um. c) WST-1 Hela cell
assays after 24 h incubation with the nanotransporters (CNH=0, 5,
10, and 25 ugmL™", lipid in liposomes =0, 3, 6, and 15 um). Data
represent the mean of three measurements; error bars show the SD.

several in vitro®"*! and in vivo®?**"! assays, that CNHs were
non-toxic.

Direct transport of the vectors to the target sites is one of
the primary goals of molecular transport technology and drug
delivery. Magnetic field is generally used to attract nano-
materials that have magnetic characteristics.”**! Therefore,
we studied the internalization and distribution of nanotrans-
porters into the HeLa cells, using the magnetic field-induced
MAG-CNH,-liposomes (CNH =10 uygmL"', lipid concen-
tration in liposomes =6 um; Figures 3a, S3, and S4). HeLa
cells were incubated with the nanotransporters for 4 h, with or
without a magnet. The intracellular uptake of the nano-
transporters was assessed using laser confocal microscopy.
Green fluorescence emission and black aggregates of the
nanotransporters were observed at the intracellular and
extracellular levels. Notably, MAG-CNH,,-liposomes more
effectively accumulated into the cells when the magnetic field
was applied using a neodymium magnet (450 mT), due to the
strong ferromagnetic properties of MAG-CNH,, complexes
(saturation magnetization was 49 +1 emug™! at 300 K).B*3!
Additionally, these nanotransporters displayed a higher level
of spontaneous cellular uptake, compared with the NBD-
labeled liposomes alone, without the application of a magnetic
field, as observed by an increased intensity of fluorescence
into the cells incubated with the different nanohybrids
(Figure S3). Furthermore, MAG-CNH,-liposomes were
insignificantly cytotoxic (cell viability was over 80%) after
the application of the magnetic field for 24 h (Figure S5).
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Figure 3. In vitro remote control of enzymatic reactions using nano-
transporters. a) Confocal microscope images (4, =488 nm,

Jem=510 nm) of Hela cells after incubation with fluorescent NBD-
labeled MAG-CNH_,-liposome for 4 h with a magnet

(CNH =10 pgmL™", lipid in the liposomes =6 pum). Fluorescence (1),
differential interference contrast (DIC; 2), and combination of fluores-
cence and DIC images (3). b) Remote control of -Gal reactions in the
target cells by laser-induced nanotransporters encapsulating FDG
(CNH=10 pgmL™", lipid in liposome =6 um, and FDG=6.7 nwm).
Magnification: 20x. Laser power: 301 mW (153 uW um2). The red
dashed circle shows the irradiated cites.

These results indicate that the interactions of magnetic field-
induced nanotransporters with the cells are effective and safe.

During the development of the system for in vitro and
in vivo remote control of enzymatic reactions, we employed
the model reaction involving 3-galactosidase (3-Gal), which is
mainly overexpressed in primary ovarian, breast, and color-
ectal cancers,*? using two types of cell lines (i.e. mouse GPS
cells overexpressing human 3-Gal as a positive control, and
SV40 immortalized 3-Gal gene deficient mouse fibroblasts as
a negative control). Non-fluorescent fluorescein di-f-p-gal-
actopyranoside (FDG) was encapsulated inside liposomes,
made only of biotin-PEG,,-PL and PE, to directly observe f3-
Gal enzymatic reaction in cells. As the photothermal proper-
ties of CNHs lead to the destruction of liposomes, FDG is
then released from the hybrids, it is hydrolyzed by intra-
cellular B-Gal to fluorescein as a strong green fluorescent
moiety, and the resulting fluorescence emission can be
monitored. We previously demonstrated that liposome struc-
tures can be effectively destroyed at a temperature above
42°C by adjusting the chemical composition and manipulat-
ing the photothermal properties of the carbon nanotubes. ">
Here, bright green-colored fluorescence emission triggered
by B-Gal enzymatic reaction was observed immediately
(within 0.03 s) in a single target GP8 cell upon irradiation
with a NIR laser (808 nm), and after the application of the
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magnetic field for 4 h [Figures 3b and see Supporting Movie,
M1]. The observation of the change in florescence was limited
to a single cell due to the use of highly focused laser beam
(laser spot diameter =50 um). Additionally, the fluorescence
emission generated by the [-Gal reaction was monitored
when the applied laser power values ranged from 204-
301 mW (104-153 uW um~2). The structure and size of GP8
cells did not change when the highest laser power (301 mW,
153 uW um™2) was applied, although the result was that the
cells died. Indeed, we observed the appearance of bubbles
when the applied power was more than 301 mW (Figure S6
and see Supporting Information for a movie, M2). Therefore,
we believe that the optimal laser power should be less than
301 mW for further invitro experiments. In the control
experiments, without the application of the magnetic field,
we did not observe any fluorescence emissions (Figure S7b).
The FDG-encapsulated liposomes and avidin-biotin-PEI-
MAG-CNH,, alone did not emit fluorescence in the GP8
cell line, even after the application of the magnetic field
(Figure S7c and S7d). In the experiments using negative
control SV40 immortalized (-Gal gene deficient mouse
fibroblasts, the fluorescence emission was not observed
when our nanotransporters were used (Figure S7e). These
results demonstrate that 3-Gal enzyme activity in the targeted
cells can be remotely controlled using our magnetic field- and
laser-induced nanotransporters.

Blood vessels are involved in many biological processes,
such as the transport of biomolecules, the maintenance of
homeostasis, and the development of cancer metastases.[)
Succeeding in the manipulation of biomolecular information
in blood vessels using nanotransporters would represent
a milestone for nanorobotics, and it could be additionally
exploited for the development of effective cancer treatments.
Therefore, we monitored the accumulation of the magnetic
field-induced nanotransporters in the blood vessels of mice.
Various nanomaterial suspensions (MAG-CNH,,-liposomes,
NBD-labeled liposomes, avidin-biotin-PEI-MAG-CNH_,,
and MES buffer) were injected into the caudal vein of mice,
and the experiments were performed with or without the
application of a magnetic field, with the magnet placed on
mouse ears, to attract the nanotransporters (Figure 4a). We
selected the ears to monitor the physicochemical behavior of
the nanotransporters in blood vessels because it is a relatively
thin organ, representing a convenient place for microscopic
observations.® Bright green-colored fluorescence in the
blood vessels, originating from NBD-labeled nanotransport-
ers, was measured following the application of the magnetic
field to the animal ears (Figures4b and S8a). The nano-
transporters, without the application of the magnetic field,
showed slight fluorescence emission in the blood vessels of
the ear, much weaker than the florescence measured in the
presence of the magnetic field-induced samples (Figure S8b).
Little fluorescence was instead observed in the other control
experiments (NBD-labeled liposomes, avidin-biotin-PEI-
MAG-CNH,,, and MES buffer without nanotransporters)
regardless of the presence or the absence of the magnetic field
(Figures S8c-h). These results demonstrate that magnetic
field-induced nanotransporters can effectively accumulate at
the target sites by a simple application of an external magnet.
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Figure 4. In vivo remote control of enzymatic reactions using nano-
transporters. a) Schematic illustration of the experimental setups (1:
Intravenous injection of nanotransporters from a tail vein of a mouse,
2: Accumulation of nanotransporters by a neodymium magnet, 3:
Observation and manipulation of physicochemical properties of nano-
transporters with NIR laser irradiation). b) Magnetic field-induced
accumulation of nanotransporters in blood vessels of a mouse ear.
White arrows show the accumulated nanotransporters in blood ves-
sels. c) The direct observation of in vivo 3-Gal reaction in living mouse
triggered by magnetic field- and laser-induced nanotransporters encap-
sulating FDG (CNH =100 pgmL™", lipid in liposomes =60 um, and
FDG =67 nm). Magnification: 20x. Laser power: 301 mW

(153 uW pm?). The red dashed circle indicates the irradiated sites.

Finally, in vivo remote control of the enzymatic reaction
was monitored using transgenic CG mice overexpressing
human B-Gal in the whole body (Figures 4c, S9, and S10).
Bright green fluorescence, originating from the magnetic
field- and laser-driven nanotransporters that enable (-Gal
enzymatic reaction, was observed in the blood vessels of the
ear of transgenic mice (Figures 4c, S9a and see Supporting
Movie, M3). In the control experiment, using laser-induced
nanotransporters without the application of the magnet,
fluorescence was completely absent (Figure S9b). Addition-
ally, fluorescence was not observed in other control experi-
ments (liposome encapsulating FDG, avidin-biotin-PEI-
MAG-CNH,,, and MES buffer; Figure S9¢c-h). We were not
able to observe green fluorescence in wild-type mice using all
types of nanomaterials, including nanotransporters encapsu-
lating FDG, regardless of the presence of a magnetic field and
the laser induction (Figure S10). Therefore, we believe that
the magnetic field- and laser-induced nanotransporters
encapsulating FDG are able to mediate -Gal enzymatic
reaction in B-Gal-rich transgenic mice. Furthermore, nano-
material injections did not affect the viability and body weight
of mice up to 30 days (Figure S11). These results indicate that
our highly biocompatible nanotransporters function effi-
ciently in the living organisms as magnetic field- and laser-
induced supramolecular nanorobots.

www.angewandte.de

An dte



http://www.angewandte.de

An dte

Chemie

GDCh

N L Zuschriften

In summary, magnetic field- and laser-induced highly
performant nanorobots, based on MAGs, CNHs, and lip-
osomes, were successfully developed through a simple self-
assembly strategy. We succeeded in synthesizing supramolec-
ular hybrids with high biocompatibility, strong magnetic
characteristics and effective photothermal properties, ena-
bling spatiotemporal controlled release of substrates from the
structures at the desired location in cells and mouse bodies,
using a magnet and a NIR laser in a non-contact manner. To
the best of our knowledge, this represents the first demon-
stration of remotely controlled enzymatic reactions that relies
on the application of a strong magnetic field, and powerful
photothermal and substrate-controlled-release properties of
combined materials. Artificial nanorobots represent a prom-
ising technology for uses in materials science and biomed-
icine. Especially, the use of the nanorobots would be
beneficial for remote control of a wide range of enzymatic
biomakers such as glutathione transferases® and y-glutamyl-
transpeptidase®®! in microenvironment of cancer cells. In
addition, the application of this technology utilizing biological
tissue-penetrating NIR lasers may be advantageous for the
innovative molecular transport systems, such as active target-
ing and delivery of drugs and advanced optochemical
genetics.
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