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Magnetic Helical Microswimmers Functionalized with

Lipoplexes for Targeted Gene Delivery

Famin Qiu, Satoshi Fujita,* Rami Mhanna, Li Zhang, Benjamin R. Simona,

and Bradley J. Nelson*

Artificial micro-/nanoswimmers have various potential applications including
minimally invasive diagnosis and targeted therapies, environmental sensing
and monitoring, cell manipulation and analysis, and lab-on-a-chip devices.
Inspired by natural motile bacteria such as E. Coli, artificial bacterial flagella
(ABFs) are one kind of magnetic helical microswimmers. ABFs can perform
3D navigation in a controllable fashion with micrometer precision under
low-strength rotating magnetic fields (<10 mT) and are promising tools

for targeted drug delivery in vitro and in vivo. In this work, the successful
wirelessly targeted and single-cell gene delivery to human embryonic kidney
(HEK 293) cells using ABFs loaded with plasmid DNA (pDNA) in vitro is
demonstrated for the first time. The ABFs are functionalized with lipoplexes
containing pDNA to generate functionalized ABFs (f-ABFs). The f-ABFs are
steered wirelessly by low-strength rotating magnetic fields and deliver the
loaded pDNA into targeted cells. The cells targeted by f-ABFs are success-

1. Introduction

Artificial ~ micro-/nanoswimmers  are
currently an active research field due
to their various potential applications,
ranging from modern biomedical applica-
tions such as minimally invasive surgery
and targeted therapy'””! manipulation
of micro-/nano-objects,®”! to environ-
mental applications such as decontamina-
tion and toxicity screening.1%'2 Micro-/
nanoswimmers with different propulsion
mechanisms have been developed.I’! The
use of magnetic fields to power micro-/
nanoswimmers has gained particular
interest, especially in biomedical applica-
tions, since the magnetic fields can pen-
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fully transfected by the transported pDNA and expressed the encoding
protein. These f-ABFs may also be useful for in vivo gene delivery and other
applications such as sensors, actuators, cell biology, and lab-on-a-chip

environments.
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etrate through the human body allowing
wireless control of these tiny devices
without harming cells and tissues. (614

In nature, bacteria such as E. coli swim
in viscous fluids by rotating flagella in
a helical wave to propel themselves.!”]
Inspired by this flagellar propulsion
method, magnetic micro-/nanoswimmers with helical shapes
have been fabricated by different methods such as glancing
angle deposition (GLAD),'% selfrolling techniques,'”'® 3D
lithography,!'l and biotemplate methods.??! Artificial bacterial
flagella (ABFs)2! are one type of magnetic helical microswim-
mers with helical shapes and magnetic materials. ABFs can per-
form 3D navigation in a controllable fashion with micrometer
precision in liquid using low-strength rotating magnetic fields
translating rotational movement to translational motion in a
screw-like fashion. This flagellar propulsive method has been
proposed as a promising approach for in vivo applications. 222!

Previous work showed that ABFs can manipulate and trans-
port microbeads in 3D.I"% For biomedical applications, ABFs
were shown to be noncytotoxic after 72 h of incubation with
mouse muscle cells,?¥l and the functionalization of ABFs with
nanosized drug carriers, i.e., liposomes, has been studied. The
abilities of controlled release and single-cell targeted delivery
with these liposome-functionalized ABFs (f-ABFs) have been
demonstrated by capturing a water-soluble drug model molec-
ular (calcein) within liposomes.[2+2°]

Gene therapy is a medical treatment in which DNA is used
as a therapeutic drug that is delivered into a patient’s cells to
treat diseases such as inherited disorders and cancers. During
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the process the nucleic acids must be delivered to the defect
cells, transfected into the cells, and then express a func-
tion to treat a particular disease. Gene delivery carriers, com-
monly called vectors, have been developed to carry the DNA to
improve gene therapy due to the poor efficiency of naked DNA
entering cells. Lipoplexes, complexes of cationic lipids and
DNA, are one promising tool for nucleic acid delivery to cells,
such as for delivering siRNA for gene silencing and plasmid
DNA (pDNA) for transfection.?6?°l The delivery of nucleic
acids to targeted cells and tissues remains a challenge.?°l By
integrating lipoplexes with mobile microrobots such as ABFs as
lipoplex carriers, a multifunctional system can be created that
can be wirelessly controlled for targeted delivery of DNA to spe-
cific areas in hard-to-reach areas, such as in the human body or
in lab-on-a-chip environments.

In this work, we demonstrated for the first time successful
wirelessly targeted and single-cell gene delivery to human
embryonic kidney (HEK 293) cells using ABFs loaded with
a lipoplex in vitro. As a result of development of our reverse
transfection technology,*% the lipoplex was successfully bound
to ABFs and was only released into cells by contact between
ABFs and cells. pDNA was first mixed and complexed with lipo-
fectamine 2000, a cationic lipid, to form the lipoplex. The func-
tionalization of ABFs with the lipoplex was characterized by the
fluorescent probe method. The f~ABFs were steered and con-
trolled wirelessly by low-strength rotating magnetic fields and
the loaded pDNA was delivered into targeted cells. The lipoplex
containing pDNA carried by f-ABFs was taken up only by the
targeted cells. Successful gene transfection and gene expression
to encoding proteins by the targeted cells were verified.

2. Results and Discussion
2.1. Fabrication of ABFs

The ABFs were fabricated using 3D laser direct writing tool and
e-beam deposition methods.’l Using these methods, a large
number of ABFs (10 000 ABFs) can be produced in batch. A
single ABF is 5 pm in diameter and 16 pm in length (Figure 1).
Each ABF has a polymeric body inside and a metallic Ni/Ti
(25 nm/15 nm) bilayer on the surface. The magnetic Ni layer
enables us to wirelessly control the swimmers navigation in 3D
in liquid using low-strength rotating magnetic fields (<10 mT),

N NN
%Y,

Figure 1. SEM image of four ABFs on a glass substrate imaged by a SE2
detector.
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and the Ti layer has three main advantages: (1) preventing the
Ni from oxidation,?*l (2) improving the biocompatibility of the
structures,[1231:32 and (3) facilitating the surface functionaliza-
tion of the structures with other medical and biological sub-
stances such as liposomes.**?°]

2.2. Functionalization of ABFs with Lipoplexes

Lipofectamine 2000 was used as the cationic lipids to mix with
pDNA. Lipofectamine 2000 is a commercially available cationic
reagent that provides highly efficient transfection of nucleic
acids (DNAs or RNAs) into a wide range of mammalian cells.l*’]
While the detailed chemical composition of the reagent is not
disclosed by the provider, the mixing of the cationic lipids of
lipofectamine 2000 and the anionic nucleic acids generates cati-
onic lipoplexes through ionic interactions. The lipoplexes easily
fuse with the negatively charged cell membrane or are incor-
porated into cells by endocytosis, which facilitate the transport
of DNA through the cell membrane and also protect the DNA
from undesirable degradation.*3°]

Cell adhesive proteins, fibronectin and gelatin, were added
into the mixture of lipofectamine 2000 and pDNA to form the
final lipoplex, since previous results showed that these proteins
are important for local and highly efficient transfection of lipo-
plexes in the reverse transfection technology.’% Fibronectin,
is an extracellular matrix component that binds to integrins
on cell membranes, provides a scaffold for cells and ensures
strong cellular adhesion on solid surfaces such as glass, metal,
etc.3%3% Strong cellular adhesion on solid surfaces promotes
gene transfection by contact between lipoplexes and cel-
lular membrane. Moreover, gelatin adsorbs aqueous mixtures
including lipoplexes and suppresses their release from solid
surfaces.’”) The detailed component of the lipoplex is shown
in Table 1, and the detailed preparation process can be found in
the Experimental Section.

The outer Ti surface of ABFs was oxidized to be TiO,, there-
fore, a TiO,-coated crystal was used as a model to test the
absorption of the lipoplex by quartz crystal microbalance with
dissipation monitoring (QCM-D). QCM-D is a commonly
used tool to measure adsorption of lipids and their structure
on surfaces.’®! Lipids adsorbed on the surface of a QCM-D
crystal cause a drop in the measured resonant frequency and
an increase in the dissipation of the crystal. By monitoring
frequency and dissipation changes, the adsorption condition
of the lipids on the surface can be tested. The QCM-D results
show that the frequency shift dropped and the dissipation shift
increased dramatically once the lipoplex was injected into the

Table 1. The components of the final lipoplex (50 pL in total).

Materials Amount [pL]
Lipofectamine 2000 4
pDNA (pVenus-N1) (1 pg puL™" in DW) 2
DMEM without phenol red 31.5
Gelatin (20 pg pL™" in DW) 2.5
Fibronectin (4 pg L' in PBS) 10
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Figure 2. QCM-D measurement of the frequency and dissipation
response to the adsorption of the lipoplex on a TiO, crystal. The HEPES
sodium buffer was used for washing. Only the third overtones are shown
for the sake of clarity.

chamber, which indicated good adsorption of the lipoplex onto
the TiO, surface (Figure 2). The adsorption reached the max-
imum after incubation for 3 h. When HEPES sodium buffer
was loaded onto the substrate for washing after lipoplex was
absorbed on substrate for 18 h, the frequency shift decreased
and the dissipation shift increased. The decrease of the fre-
quency may come from the continuous adsorption of the sub-
stances remaining in the pump tube which were pumped into
the chamber when starting the washing.

The functionalization of ABFs was performed by mixing the
suspension of ABFs with the lipoplex. The mixture was incu-
bated at room temperature for 3 h (from the QCM-D data) fol-
lowed by washing to generate -ABFs (Figure 3a). In order to
confirm the successful loading of pDNA on the real ABF sur-
face, we used pDNA labeled with fluorescein, a green fluores-
cent (Label IT Plasmid Delivery Control, Fluorescein; Mirus
Bio LLC, Madison, WI) as a fluorescent probe. The fluorescent
signals were verified by confocal laser scanning microscope
(CLSM) after coating the lipoplex on ABFs. The green fluo-
rescent signal detected around the ABF indicates the lipoplex
loaded with pDNA was successfully coated and loaded on the
ABF surface by the electrostatic force between the negatively
charged TiO, surface of ABFs and the positively charged lipo-
plex (Figure 3).05%

@) (b)
c
[0
o
(7]
o
(o]
=
i

C rlg;

S -

2 ~

) (» Lipoplex = \

- [72]
2 =
s

= 20 um

Figure 3. Functionalization of ABFs with the lipoplex. a) The schematic
of the functionalization of ABFs with the lipoplex. b) The fluorescent and
transmission images of a f-ABF by CLSM. The pDNA was marked using
green fluorescence (fluorescein).
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2.3. Swimming Performance of f-ABFs

Figure 4a shows the wirelessly controlled swimming perfor-
mance of f-ABFs in cell medium under 5 mT rotating mag-
netic fields. The forward swimming speed of {-ABFs increased
almost linearly as the rotating frequency of the magnetic fields
increased and then reached the peak at the step-out frequency,
i.e., the maximum frequency that swimmers can synchronize
with the input frequency.'-*3 When the input frequency
became higher than the step-out frequency of the swimmers,
the swimming speed of the f-ABFs decreased dramatically.
The average maximum forward speed of three tested f-ABFs
(F-ABF1, F-ABF2, and F-ABF3) was 43.9 + 1.3 pm s7}, and the
average step-out frequency was 31 + 3 Hz. Figure 4b shows the
wireless targeting ability of an f-ABF in vitro. The fABF was
controlled to swim toward the target cell (cell 3) and contacted
the cell (the inset of Figure 4b) by wireless means (see Video
S1, Supporting Information).

2.4. Gene Transfection and Protein Expression

The transfection efficiency of the lipoplex was investigated
using HEK 293 cells. Two different quantities of lipoplexes
with pDNA encoding yellow—green fluorescent Venus protein
[0.2 pg of pDNA (Figure 5a) and 1 pg of pDNA (Figure 5b)]
were prepared. Then each lipoplex was added to 500 pL of
DMEM with HEK 293 cells in a 24-well culture plate for gene
transfection. The results show that 1 pg of pDNA as a compo-
nent of the lipoplex is sufficient to transfect most of cells in
500 pL of cell medium in 23 h (Figure 5b).

Gene transfection of f-ABFs was then conducted. The {-ABF
suspension was added to 500 pL of DMEM with the HEK 293
cells in one well of a glass-bottom 24-well plate. The fABFs
deposited on HEK 293 cells on the bottom of the plate. After
16 h of incubation, the two cells contacting and/or neighboring
one f-ABF Dbecame transfected with pDNA and presented
a strong fluorescent signal from Venus proteins (Figure 6,
Figure S1 and Videos 2 and 3, Supporting Information). The
two transfected cells were daughter cells from a parent cell
that had contacted and been transfected with pDNA from the
f-ABF. This is indicated by the morphologies of the two cells
expressing Venus protein that migrated separately after the divi-
sion (Figure 6e). Successful protein expression indicates that
the pDNA carried by ABFs was transferred into the membrane
of the parent cells and imported into the nuclei through the
temporarily compromised nuclear membrane during cell divi-
sion. Venus proteins were then expressed in the daughter cells.

The absence of fluorescent signal from cells surrounding
the daughter cells shows that the transfection from f-ABFs
was locally limited to the contacted cells (Figure 6a—d).
Figure S1, Supporting Information, shows two daughter cells
that migrated and were separated by a greater distance after
48 h of incubation (Figure S1d—f) than after 16 h (Figure 6 and
Figure Sla—c, Supporting Information), which indicates that the
f-ABF was able to transfect the contact cells and did not influ-
ence cell division and migration. The cells underneath or sur-
rounding of f-ABFs appear healthy in the transmission images
(Figure Sla,d, Supporting Information), and the f-ABFs appear

Adv. Funct. Mater. 2015, 25, 1666-1671
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Figure 4. The wirelessly controlled swimming performance of f-ABFs in cell medium. a) The forward swimming speeds of three tested f-ABFs (F-ABFT,
F-ABF2, and F-ABF3) as a function of input rotating frequency under 5 mT magnetic fields. b) Time-lapse photo of the controlled actuation of a f-ABF
to the target cell (cell 3, the contour is circled in red). Cell 3 was under cell division and was considered as one single cell in this case. Cell 2 and cell
4 are blurred in the image due to the drift of cells in the medium during the time-lapse image. The movement of the f-ABF was marked with blue

rectangles. The interval of each movement was 4 s. The inset shows a f-ABF in contact with cell 3.

to be nontoxic to human embryonic kidney (HEK 293) cells after
two days.

3. Conclusion

Magnetic helical microswimmers were surface-functionalized
with lipoplexes loaded with pDNA to generate f-ABFs. The
f-ABFs can be precisely actuated by low-strength rotating mag-
netic fields, which are safe and nonharmful to cells and tissue,
and controllably move to specific HEK 293 cells in vitro. The
cells contacting f-ABFs were successfully transfected by the

(a) Fluorescent Transmission

0.2 ug DNA

—
(*3
~—"

1 ug DNA

Figure 5. The transfection efficiency tests of the lipoplex after incubation
of 23 h with two different pDNA amounts. a) 0.2 pg pDNA was added
into the cell medium. b) 1 pg pDNA was added into the cell medium.

Adv. Funct. Mater. 2015, 25, 1666-1671

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

transported pDNA and expressed the encoding Venus protein.
Beyond in vitro gene delivery applications, the possibility of
f-ABFs targeting hard-to-reach areas in the human body can
be envisaged, since the flagella-propulsive method is a prom-
ising approach for in vivo applications. These f-ABFs may also
be useful in other applications, such as sensors, actuators, cell
biology, and lab-on-a-chip environments.

4. Experimental Section

Materials: Lipofectamine 2000 (Life technologies, Carlsbad, CA),
bovine fibronectin (Life Laboratory Company, Yamagata, Japan), gelatin
(Sigma-Aldrich, St. Louis, Madison, MO), Label IT Plasmid Delivery
Control (Fluorescein; Mirus Bio LLC, WI), HEK 293 cells (American
Type Culture Collection, Manassas, VA), fetal bovine serum (FBS;
Life technologies), Dulbecco’s modified eagle’s medium (DMEM;
Life Technologies), DMEM without phenol red (Life Technologies),
antibiotic-antimycotic  (100x; Life Technologies), HEPES sodium
buffer (10 x 1073 m 4-(2-hydroxyethyl) piperazine-1-ethane-sulfonic acid

Objective 10x Objective 40x f-ABF with transfected cells

(a) (c) (e)

Fluorescent

160 um 40 pm
— —

Transmission

10 um

Figure 6. pDNA transfection and protein expression by the cells that
contacted f-ABFs. a,b) and c,d) show the fluorescent and transmission
images of cells with the f-ABF at 10x and 40x magnifications, respec-
tively. e) The zoomed overlay of fluorescent and transmission images.
The f-ABF (the red helix) is false-colored in red, processed using Image|
software.
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and 150 x 1072 m NaCl in distilled water; MicroSelect, Fluka Chemie
GmbH, Switzerland), DPBS (Dulbecco’s phosphate-buffered saline;
Life Technologies), trypsin—EDTA (0.05%; Life Technologies), and
sodium chloride (NaCl; Sigma-Aldrich) were purchased. The pDNA
encoding Venus protein was a gift from Advanced Industrial Science and
Technology, Ibaraki, Japan.

Fabrication of ABFs: The helical bodies were fabricated in IP-L
photoresist using a direct laser writing tool (Nanoscribe, from
Nanoscribe GmbH) on a transparent glass substrate, and followed by
coating with 25 nm Ni and 15 nm Ti using an electron beam evaporator
(Plassys-1l MEB550SL). The detailed fabrication information can be
found in our previous literature.l®24

Preparation of the Final Lipoplex: First, a solution of pDNA (2 pL,
1 pg L fluorescein labeled one or Venus encoding one in distilled
water (DW)), lipofectamine 2000 (4 pL), and DMEM (31.5 pL)
were mixed and incubated for 20 min at room temperature. Gelatin
(2.5 pL, 20 pg pL~" in DW) and fibronectin (10 pL, 4 pg uL~" in PBS) were
added in the mixture. The components of the final lipoplex are shown in
Table 1.

QCM-D Experiments: The TiO,-coated crystal (Q-Sense, Sweden) was
treated with UV/ozone cleaner for 30 min and loaded into the QCM-D
chamber (Q-Sense E4, Gothenburg, Sweden). HEPES sodium buffer was
injected into the chamber until a stable baseline was observed.?*l After
that, the lipoplex (500 pL) (prepared as indicated in Table 1), was loaded
in the chamber with a flow rate of 0.2 mL min~'. After 13 h of incubation,
the substrate was washed by HEPES sodium buffer with the speed of
0.1 mL min~".

Functionalization of ABFs with Lipoplexes: The fabricated ABFs were
cleaned using UV/ozone cleaner for 30 min and released from the
glass substrate in HEPES sodium buffer by sonication for 4 min at 56
kHz.2%l The ABF suspension was condensed to 50 uL by centrifuging.
The lipoplex solution (50 pL) and the ABF suspension were mixed and
incubated at room temperature for 3 h. In order to remove the uncoated
lipoplex in the solution, we washed the mixture three times in HEPES
sodium buffer (1 mL) and one time in DMEM (1 mL) by centrifuging
the solution (4000 rpm, 3 min each time). The final f-ABF suspension
in DMEM was condensed to 100 pL by centrifuging for further
experiments.

Cell Culture: The DMEM supplemented with 10% fetal bovine
serum and 1x antibiotic—antimycotic was used as the cell medium. We
suspended 2 x 10° cells of HEK 293 in 500 pL of medium for seeding
in one well of a 24-well culture dish with a glass bottom for the gene
expression experiments and on a glass substrate for the swimming
experiments.

Swimming Experiments: The swimming tests were conducted using
rotating magnetic fields. The rotating magnetic fields are generated by
a three-orthogonal-pair Helmholtz coil setup. The glass substrate with
HEK 293 cells was placed in a tank (3 cm height, 1.5 cm width, and
3 mm height), which was filled with cell medium. The tank was placed in
the center of the coil setup. A microscope with a camera was mounted
above the tank. More details about the coils setup can be found in
previous publications.'74% The swimming experiments with cells were
completed within 1 h after the cells were taken from an incubator. After
f-ABFs targeted and contacted cells, the cells were immediately put back
into the incubator.

Gene Expression: The f-ABF suspension (50 plL) was added into
HEK 293 cell medium (500 pL of DMEM supplemented with 10% fetal
bovine serum and 1x antibiotic—antimycotic). The cells were incubated
in CO, incubator at 37 °C for 16-48 h for gene transfection and protein
expression. The fluorescent images were acquired using a CLSM (Carl
Zeiss AG/LSM 510 with 10%, 20x, 40x 0.6 NA objectives and a 488 nm
argon laser).

Supporting Information

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