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Artificial Bacterial Flagella for Remote-Controlled
Targeted Single-Cell Drug Delivery

Rami Mhanna,* Famin Qiu, Li Zhang, Yun Ding, Kaori Sugihara,
Marcy Zenobi-Wong, and Bradley J. Nelson

In 1965 Bangham and colleagues described the diffusion
of ions through spontaneously formed liquid crystal mem-
branes later know as liposomes.[!l The ability of liposomes
to entrap liquids encouraged research on their use as drug
delivery vehicles.”l The successful delivery of drugs using
liposome-based systems requires a precondition that the
liposomes circulate in the blood stream long enough without
being destroyed or being cleared by the reticuloendothe-
lial system (RES).]’ Targeting specific sites in the body is a
more cumbersome task requiring prolonged circulation.["!
For this purpose polyethylene glycol (PEG)-modified stealth
liposomes were proposed and were shown to highly improve
the half-life of liposomes.[* Liposomes are among the first
nanocarriers that have been functionalized with antibodies
to target malignant cells and are currently available in sev-
eral commercial products.’! The precise delivery of drugs
into single cells can only be achieved using micro-injection
and techniques based on atomic force microscopy in vitro,
while in vivo there has been no reports to our knowledge.[‘]
Recently, Wang and co-workers also demonstrated the feasi-
bility of using magnetically driven nanowires for transport of
drug carriers and targeted drug delivery.l’]

Bacterial flagella are capable of swimming in liquids
driven by rotary motors.[®l Inspired by these natural sys-
tems, a variety of micro/nanorotors have been proposed.l!
The use of an external low magnetic field (=<2 mT) to control
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the swimming of helical microrobots was developed in our
laboratory.['%] These devices, which we call artificial bacte-
rial flagella (ABFs), are capable of performing precise 3D
swimming in liquids similar to natural bacterial flagella (e.g.,
E. coli) which makes them suitable for several in vivo and in
vitro applications.''] ABFs can also be coated with a biocom-
patible layer such as titanium to reduce cytotoxicity.!'?!

We hypothesized that ABFs can be functionalized
with liposomes, thus allowing these micromachines to per-
form biological or biomedical tasks in a remotely con-
trolled fashion. To test this hypothesis fluorescently labeled
liposomes and calcein-loaded liposomes were adsorbed on
the surface of ABFs. The adsorption of liposomes on the
ABFs was confirmed by quartz crystal microbalance with
dissipation monitoring (QCM-D) and fluorescence recovery
after photobleaching (FRAP). The liposome-functionalized
ABFs were then placed in contact with cells in vitro and the
uptake of calcein (a model water soluble drug) by cells was
monitored using fluorescence microscopy.

The fabrication of ABFs was followed as described ear-
lier by Tottori et al.l'?l with the exception that the thickness
of the Ni layer was 25 nm and the thickness of the Ti layer
was 15 nm for the devices used in the current study. In our
previous work, we showed the ability of Ni/Ti helical micro-
swimmers to perform controlled swimming and cargo trans-
port in 3D liquids.'"l The thickness of Ni used ranged from
50 to 100 nm while the Ti thickness ranged from 0 to 5 nm. In
the current study, the Ni thickness was reduced to 25 nm to
improve the transparency of the microswimmers and conse-
quently the quality of acquired confocal laser scanning micro-
scope (CLSM) images. The Ti thickness on the other hand
was increased to 15 nm to ensure complete coating of the Ni
layer resulting in better cytocompatibility and adsorption of
intact liposomes. ABFs used in the current work had three
turns and were fabricated with horizontal arrays (Figure 1a).
An individual ABF had a length of 16 pym and a diameter
of 5 um (Figure 1a). The filament cross section had an ellip-
soidal shape with a thickness of approximately 1.19 um along
the short axis and 2.23 pm along the long axis (Supporting
Information Figure S1). ABFs exhibit corkscrew swimming
in liquids in response to a rotating magnetic field B at a fre-
quency f. When a magnetic field of 3 mT was applied, ABFs
wobbled about their longitudinal axis in response to a fre-
quency below =1 Hz. Smooth corkscrew motion was achieved
at higher frequencies below the step-out frequency after
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Figure 1. ABF structure and swimming properties. a) SEM image of a
horizontal array of artificial bacterial flagella (ABFs), the inset shows a
helical swimmer at a higher magnification. b) Forward swimming speed
of ABFs as a function of input frequency. The error bars represent the
standard deviation of mean values from three measurements at each
frequency. Measurements were performed at room temperature in
water by applying an electromagnetic field of 3 mT using three pairs of
Helmholtz coils to induce the swimming of the ABFs.

which ABFs exhibited irregular swimming and a dip in their
forward speed. Figure 1b shows the linear increase in the for-
ward speed of ABFs as a function of the applied frequency
below the step-out frequency.'¥ The highest swimming
speed achieved was 8.4 + 0.16 um s~%. Steering of the ABFs
was possible with micrometer precision by simply changing
the rotating axis of the field, an example of which is shown in
Figure 4a and Supplementary Movie S1.
Functionalized-ABFs (f-ABFs) for drug delivery applica-
tions were prepared by incubating the ABFs with liposomes
(Figure 2). In the first step, the ABF array was UV treated
to saturate the titanium surface with oxides and remove
organic contaminants (Figure 2a).'l The arrays were then
sonicated in HEPES buffer to release the ABFs from the
substrate resulting in a suspension of ABFs (Figure 2b and
Supporting Information Figure S2).['5 Finally, the ABFs in
suspension were mixed with DOPE/DOTAP (1:3) liposomes
(200 nm diameter), which adsorb on the surface of the ABFs
resulting in f-ABFs (Figure 2c). The DOPE lipids are known
to be fusogenic while positively charged DOTAP lipids
improve liposome uptake by cells.'% This combination is
also known to induce successful gene delivery and therefore
we adopted the system with the aim of using it also for gene
delivery in future studies.['”l The liposomes were loaded with
calcein which is a fluorophore that does not readily penetrate
the cell membranes and, therefore, active uptake of calcein-
loaded vesicles is required for cells to show the calcein signal.
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Figure 2. Schematic of the process of batch preparation of liposome
functionalized ABFs. a) The process begins with UV treatment of the
ABF array followed by b) sonication to detach the helical swimmers and
finally ) incubation with a liposome suspension to allow adsorption of
liposomes on the surface of ABFs.
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Calcein is hydrophilic and can thus, be used as a model for a
water soluble drug.['®]

In order to confirm that vesicles used in the current
study adsorbed in an intact state on TiO, surfaces, we used
QCM-D. Figure 3a shows the adsorption of calcein loaded
DOPE/DOTAP (3:1) liposomes on TiO, coated QCM crys-
tals. The adsorption of liposomes resulted in a final strong
decrease in the frequency (Af = —-151.3 £ 19.9 Hz) and an
increase in the dissipation (AD =21.9 £ 1.7). The adsorption
curve was roughly saturated after three hours; therefore, the
incubation time of the ABFs with liposomes was set to three
hours in all the experiments of this study. TiO, is known to
support the adsorption of intact vesicles, as shown in pre-
vious literature.'”l The typical observed response of the
QCM-D frequency and dissipation signals to the injection of
liposomes is in accordance with previous literature.l'”] Other
liposome formulations such as DOPC can also be used and
the formation of more than one layer of liposomes to maxi-
mize the drug loading capacity is also possible by alternating
positively charged poly-I-lysine layers and negatively charged
DOPS liposomes.?”! QCM-D analysis of the adsorption of
the above and other liposome formulations are shown in
Supplementary Figure S3.

To determine if the liposome-coating process was also
applicable on the surface of TiO,-coated ABFs, calcein
loaded vesicles were adsorbed on the surface of ABFs and
images of the f-ABFs were acquired with a CLSM. Because
the curvature of the helical rods and their roughness might
affect the adsorption behavior of liposomes on helical micro-
swimmers, it is important to investigate if adsorption to
planar substrates (QCM-D crystal) also applies to the helices.
Figure 3b depicts a representative CLSM image of ABFs
functionalized with calcein-loaded liposomes where a clear
signal can be observed throughout the ABF. This is evidence
of the formation of intact liposomes, as calcein would not be
present in case of the formation of lipid bilayers/monolayers
on the surface of ABFs. In order to further confirm that the
adsorbed vesicles were intact and did not form lipid bilayers,
FRAP was used. Figure 3c shows a representative image of
ABFs functionalized with NBD-labeled vesicles before pho-
tobleaching, immediately after photobleaching the middle
area of the ABFs, and one hour after photobleaching. In this
experiment, the fluorescence is in the bilayer membrane but
not inside the vesicle. When intact vesicles adsorb on a sub-
strate, lipids are not mobile over micrometer distances, thus
fluorescence in a bleached spot does not recover. However,
supported lipid bilayers are mobile, and the photobleached
area recovers its fluorescent signal within a short period.[?!]
The fluorescent signal of the photobleached spot on f-ABFs
did not recover even after 1 h of photobleaching (Figure 3c);
we can thus confirm that liposomes adsorbed to the ABF
surfaces were intact.

Liposome-functionalized ABFs were able to swim with
high precision and deliver the model drug calcein to single
cells in vitro. In Figure 4a and Supplementary Video S1, a
representative ABF functionalized with calcein-loaded vesi-
cles was subjected to a rotating magnetic field at a frequency
of 8 Hz using a manual magnetic motor. The resulting swim-
ming speed of the f-ABF was 23 um s. The fact that f-ABFs
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Figure 3. Liposomes adsorb in an intact state on the surface of ABFs. a) Normalized resonance frequency shift and dissipation shift of the 15 MHz
detection frequency for the adsorption of DOPE/DOTAP (3:1) liposomes on titanium coated quartz crystal microbalance chips. b) A representative
image of ABFs coated with liposomes loaded with 50 mM calcein. ¢) An ABF coated with NBD-Labeled liposomes before bleaching (left), after
bleaching the center of the swimming microrobot (middle), and 60 min following the bleaching (right). Since no recovery was observed, it can be
concluded that the liposomes are intact on the surface of the helical swimmers.

could swim without significant loss of the calcein fluorescent
signal (p = 0.2, Supplementary Table S1) suggests the ability
of these functionalized microswimmers to deliver their cargo
to cells.

The delivery of calcein to single C2C12 cells in contact
with f-ABF is shown in Figure 4b and Supporting Information
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Figure S4. It is noteworthy that even when two cells were in
direct contact, the calcein was only delivered to the cell in
contact with the ABF and not the other. Additionally, nearby
cells showed no calcein signal (Figure 4b). When the ABF
was removed from the surface of the cell using an external
magnetic source, the calcein signal was still clearly present
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Figure 4. f-ABF swimming and calcein delivery to single cells. a) A representative time-lapse follow-up of the swimming of functionalized artificial
bacterial flagella (f-ABF) coated with calcein-loaded liposomes. b) Representative calcein delivery from f-ABF to single cells at low magnification
(left), high magnification of calcein delivery (middle) and calcein delivered to cells after removing the f-ABF (right).
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(Figure 4b). This data indicates that f-ABFs can perform pre-
cise swimming and deliver the loaded model drugs into single
cells. The delivery of calcein might occur through fusion of
the cationic vesicles with the membrane of the cultured cells
or through endocytosis.'®*17022 Further improvements of the
system could be achieved by including targetting units in the
liposomes such as antibodies and cell recognition sites.

In conclusion, we have demonstrated a method for batch
preparation of liposome functionalized artificial bacterial fla-
gella. These functionalized helical magnetic micromachines
were able to deliver the hydrophilic model drug calcein to
C2C12 mouse myoblasts in vitro. The data of the current
study demonstrates the feasibility of using functionalized
helical microswimmers that are steerable with an external
magnetic field to perform single-cell-targeted drug delivery
in vitro. The current data also points to the possibility of
delivering other materials such as DNA or enzymes to single
cells and the possible use of this system for in vivo applica-
tions. However, potential difficulties might be encountered
for in vivo applications due to clearance by the RES as stated
in the introduction. Although, ABFs provide a stabilization
substrate for adsorbed liposomes, stealth liposomes or a PEG
final coating as demonstrated in Supplementary Figure S3
may be necessary to overcome RES clearance.

Experimental Section

Materials:  photoresist IP-L  (from Nanoscribe GmbH,
Germany), 1,2-dioleoyl-sn-glycero-3-phosphocholine  (DOPQ),
1,2-dioleoyl-3-trimethylammonium-propane chloride salt (DOTAP),
1,2-di-(9Z-octadecenoyl)-sn-glycero-3-phosphoethanolamine
(DOPE), 1-oleoyl-2-[12-[(7-nitro-2—1,3-benzoxadiazol-4-yl)amino]
lauroyl]-sn-glycero-3-phosphocholine (NBD-PC) were purchased
from Avanti Polar Lipids. Phosphate buffer saline (PBS), fetal
bovine serum (FBS), cell culture media [Dulbecco’s modified
eagle's medium (DMEM)-Glutamax], antibiotic-antimycotic,
trypsin/EDTA were from Invitrogen AG, Basel, Switzerland. Calcein
disodium salt, sodium chloride (NaCl), 4-(2-hydroxyethyl)pipera-
zine-1-ethanesulfonic acid (HEPES), were purchased from Sigma
Aldrich Chemie GmbH, Buchs, Switzerland.

Instrumentation: Liposomes were prepared using the extrusion
approach where two glass syringes (1 mL each) were connected
to a teflon/steel extruder equipped with two filters (200 nm pore
size).[?? Calcein loaded vesicles were prepared by dissolving a
DOPE/DOTAP (3:1) lipid film in calcein (50 mM in deionized water).
Assessment of liposome adsorption on titanium-coated crystals
was followed using QCM-D (Q-Sense E4, Gothenburg, Sweden).
The ABFs were fabricated using 3D direct laser writing (DLW)
and physical vapor evaporation.2%! ABF arrays were written in a
photoresist, IP-L, and the unpolymerized photoresist was removed
by incubating the arrays in a developer. Electron beam evapora-
tion was then used to deposit an Ni/Ti bilayer on the surface of the
ABFs. Electron beam evaporation was performed with a tilt angle of
15° to reduce shadowing effects. The detailed fabrication process
can be found in other literature.l'?l The length of a single ABF was
16 pm and the diameter was 5 pm. Imaging of cells and ABFs and
FRAP were acquired using a confocal microscope (Carl Zeiss AG/
LSM 510, equipped with a 40x 0.6 NA objective and a 488 nm
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argon laser). Time-lapse images of swimming liposome-coated
ABFs were acquired using a Zeiss Axio Observer equipped with a
Hamamatsu C9100-13 - Super sensitive fluorescence camera.

Batch preparation of Liposome-Functionalized ABFs: Uni-
lamellar DOPE/DOTAP (3:1) liposomes were loaded with calcein
(50 mM) or fluorescein labeled by adding NBD-PC [(2% (w/w) final
percentage of the above lipid composition]. Liposomes were pre-
pared at a final lipid concentration of 2.5 mg mL™* and used at
0.5 mg mL~! in all experiments. A chip containing 10000 ABFs was
UV/ozone cleaned (30 minutes) to clean the surface and create
free hydroxyl groups on the Ti surface. ABFs were then released
by ultrasonication and incubated for 3 hours under gentle rotation
with a liposome solution (0.5 mg mL™) to obtain functionalized-
ABFs (f-ABFs). F-ABFs were washed in HEPES buffer 5 times by
centrifuging the f-ABF containing solution (4000 rpm for 3 minutes
each) to remove unbound liposomes.

Cell Culture: C,C;, mouse myoblasts were purchased from
American Type Culture Collection (LGC Standards, Molsheim,
France) and seeded at 5000 cells/cm? on glass bottom 24-well-
plates in DMEM supplemented with 1% fetal bovine serum and
1% antibiotic-antimycotic. Cultures were carried on in a humidified
incubator (37 °C, 7% CO,) and media was changed every 3 days.
For calcein delivery experiments, cells were washed with HEPES
buffer followed by 1 hour incubation with the ABF solution then
cultured for 24-48 hours with new cell culture media.

Supporting Information

Supporting Information is available from the Wiley Online Library
or from the author.
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