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Inspired  by  flagellar  propulsion  of  bacteria  such  as E. coli,  artificial  bacterial  flagella  (ABFs)  are  magnetic
swimming  microrobots  with  helical  shapes.  ABFs  are  capable  of performing  precise  three-dimensional
(3D)  navigation  in  fluids  under  low-strength  rotating  magnetic  fields  making  them  attractive  tools  for
targeted  drug  delivery.  Further  biomedical  functionalization  of  these  swimming  microrobots  is essential
to enhance  their  biological  and  medical  performances.  We  report  the successful  functionalization
of  titanium-coated  ABFs  with  temperature-sensitive  dipalmitoylphosphatidylcholine  (DPPC)-based
rtificial bacterial flagella (ABFs)
wimming microrobots
emperature-sensitive liposomes
PPC
riggered release

liposomes,  known  as  “smart”  drug  carriers.  Liposome  coating  on  the  surface  of ABFs  was  confirmed
using  quartz  crystal  microbalance  with  dissipation  monitoring  (QCM-D)  and  fluorescent  probes.  The
functionalized  ABFs  (f-ABFs)  showed  the ability  to  incorporate  both  hydrophilic  and  hydrophobic  drugs.
Finally,  thermally  triggered  release  of calcein  (a common  drug  analog)  from  f-ABFs  was  demonstrated.
These  f-ABFs  have  the  potential  to be used  in  targeted  and  triggered  drug  delivery,  microfluidic  devices

and  biosensing.

. Introduction

Magnetic micro/nanorobots, wirelessly powered by magnetic
elds, have the potential to be used in biological and medical
pplications such as in vitro cell manipulation, targeted therapy
nd in vivo sensing [1–8]. Artificial bacterial flagella (ABFs) are
agnetic helical microrobots that use a cork-screw strategy for

elf-propulsion and are of similar size as real bacteria such as E. coli
9–12]. ABFs can be actuated in liquid under weak rotating mag-
etic fields (1000 times lower than the fields used in MRI  systems),
hich are not harmful to living cells and tissues. Their flagellar
ropulsion, i.e. cork-screw motion, is a promising approach for
n vivo applications [13,14].
When the helical body of an ABF rotates by following a rotat-

ng magnetic field in liquid, the rotational motion translates to
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translational motion. By changing the rotational axis of the rotating
magnetic field, the ABFs swim in 3-D allowing them to precisely tar-
get the desired sites. Previous work showed that ABFs can be used
to manipulate cellular and sub-cellular objects by direct pushing
[15,16] and non-contact methods (agitating the peripheral liq-
uid when an ABF is rotating) [17,18]. However, for biomedical
applications such as drug delivery and wireless sensing, further
surface biofunctionalization with specific chemicals, such as drug
molecules and chemicals, is required [19]. For example, biological
modification of the surfaces of nano/micro motors has been used
in DNA separation and drug delivery applications [2].

Liposomes have been extensively studied in various applica-
tions including drug delivery systems and cell membrane science
[20–22]. A liposome is a lipid vesicle consisting of a self-assembled
lipid bilayer in which DNA, drugs and/or chemicals can be encap-
sulated. Liposomes range in size from 20 nm to several hundred
micrometers. Depending on the lipid composition of liposomes,
their payload can be locally and remotely trigger-released by differ-
ent stimuli, such as enzymes, pH, ultrasound, light and temperature

[23]. Temperature-sensitive liposomes have been proposed for
local hyperthermia treatments in cancer therapy [24,25]. Dipalmi-
toylphosphatidylcholine (DPPC) is commonly used as the key
component for temperature-sensitive liposomes. DPPC has a phase
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dissolved in buffer at 2.5 mg/ml  concentration.
The second step was to prepare the ABF suspension. The ABF

array was cleaned in an UV/ozone cleaner for 30 min  followed by
washing with Milli-Q water. The array was  then detached from the
F. Qiu et al. / Sensors and A

ransition temperature of 41 ◦C, at which liposomes switch from
he solid phase to the liquid-gel phase and become leaky releasing
heir encapsulated cargo [26]. Adding small amounts of lysolipids
such as 10% 1-myristoyl-2-stearoyl-sn-glycero-3-phosphocholine
MSCP)) with DPPC liposomes increases the drug release rate of
PPC liposomes at 39–42 ◦C [27,28].

In this work, functionalized ABFs surface-coated with DPPC-
ased liposomes are reported. Quartz crystal microbalance with
issipation monitoring (QCM-D) was used to investigate the
dsorption of liposomes onto a TiO2 surface. Confocal laser scan-
ing microscopy (CLSM) was used to detect fluorescently labeled
liposome membrane lipids are fluorescent) or calcein loaded (lipo-
ome encapsulated calcein is fluorescent) liposomes on the surface
f ABFs. Finally, the calcein release from functionalized ABFs was
tudied.

. Materials and methods

.1. Materials

The photoresist IP-L was purchased from Nanoscribe GmbH,
ermany. Dipalmitoylphosphatidylcholine (DPPC), 1-myristoyl-
-stearoyl-sn-glycero-3-phosphocholine (MSPC) and lissamine
hodamine B lipids were purchased from Avanti Polar Lipids,
nc. Sodium chloride (NaCl), calcein disodium salt and 4-
2-hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES) were
urchased from Sigma–Aldrich Chemie GmbH, Buchs, Switzerland.
he HEPES buffer solution was prepared with 10 mM 4-(2-
ydroxyethyl)-1-piperazineethanesulfonic acid and 0.15 M sodium
hloride in Milli-Q water (Milli-Q gradient A10, Millipore, resistiv-
ty 18.3 M� cm). The pH of the buffer was adjusted to pH 7.4 by a

 M NaOH solution.

.2. Fabrication process of ABFs

ABF arrays were fabricated using direct laser writing (DLW)
nd e-beam deposition methods. The process consisted of three
teps (Fig. 1): Step 1, writing helical structures in a photoresist IP-

 using DLW based on two-photon polymerization [29]; Step 2,

eveloping the written sample in isopropyl alcohol (IPA) to remove
n-polymerized resist; Step 3, coating the sample with Ni and then
i layers (25 nm Ni and 15 nm Ti) using electron beam deposition.

ig. 1. Fabrication flow of ABFs. Step 1: Writing helical arrays in IP-L photoresist.
tep 2: Development in IPA. Step 3: Coating the Ni/Ti bilayer using electron beam
eposition.
rs B 196 (2014) 676–681 677

The Ti layer is naturally oxidized to TiO2 when exposed to oxygen.
A more detailed fabrication process is described elsewhere [15].

2.3. Preparation of liposome-coated ABFs

Fig. 2 shows the three-part preparation flow of liposome-coated
ABFs. First, unilamellar DPPC liposomes are prepared. Second, the
ABF suspension is prepared, and third, the mixture of the two sus-
pensions and washing generates functionalized ABFs (f-ABFs).

The unilamellar DPPC liposomes were prepared by extrusion
[30,31]. DPPC lipids in chloroform were completely dried in a glass
vial under a gentle N2 flow for 30 min  and rehydrated with HEPES
buffer. In this step, fluorescent molecules can be dissolved in the
HEPES buffer to be incorporated within the liposomes. The glass
vial was subsequently vortexed to create multilamellar vesicles.
The multilamellar vesicle suspension was transferred into a glass
syringe and assembled to form the extruder (Fig. S1a). The lipid
solution was  extruded 31 times through two packed polystyrene
membranes (Fig. S1b) to form uniform-sized (200 nm) unilamellar
vesicles. Extra care was  taken to keep the entire extruder sys-
tem including the lipid solution above the transition temperature
(41 ◦C) during the extrusion by pre-warming the system at 65 ◦C in
an oven. The DPPC/MSPC (9:1 w/w) was  prepared by adding 10%
MSPC lipids in DPPC lipids before drying. All lipid mixtures were
Fig. 2. Preparation flow for coating ABFs with unilamellar DPPC liposomes.
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on the flat surface of the crystal, these results were confirmed using
CLSM (Fig. 5). In order to confirm the adsorption of liposomes on
3D-shaped ABFs, rhodamine B labeled lipids (red) were used as a
model for a lipid-soluble drug. The rhodamine B-tagged lipids are
78 F. Qiu et al. / Sensors and A

riginal substrate by sonication in 1 ml  HEPES buffer for 2–10 min
nder 45 kHz, until all ABFs were released from the substrate. After
hat, the ABFs were pipetted out to a new centrifuge tube. The
BFs were collected in the bottom of the tube by centrifugation

4000 rpm, 3 min) and the volume of the suspension was  reduced
o 400 �l.

The last step was to prepare f-ABFs. The liposome suspension
100 �l) and ABF suspension (400 �l) were mixed and incubated
or enough time (determined by QCM-D) with gentle rotation to
btain a saturated adsorption of liposomes on ABF surfaces, so the
nal concentration of lipids in the mixture was 0.5 mg/ml.

.4. QCM-D measurement

Lipids can form a range of different structures on a solid sur-
ace including monolayers, intact vesicles or lipid bilayers [32]. In
his study the goal was to coat ABFs with intact vesicles which
llow entrapment of water-soluble drugs inside the vesicles and/or
ipid-soluble drugs within the membrane lipid bilayer. QCM-D is a
ommonly used tool to measure adsorption of lipids and their struc-
ure on surfaces [33]. Lipids adsorbing on the surface of a QCM-D
rystal cause a drop in the measured resonant frequency and an
ncrease in the dissipation of the crystal. By monitoring frequency
nd dissipation changes, the structure, mass and viscoelastic prop-
rties of adsorbed lipids can be determined.

Since the surface of ABFs is TiO2, QCM-D quartz crystals coated
ith Ti oxidized to TiO2 were used to simulate the adsorption

f DPPC liposomes on ABFs. The crystals were treated equally
o the ABF arrays by UV/ozone cleaning for 30 min, followed by
ashing with Milli-Q water. After the crystal was  assembled in

he QCM-D (Q-Sense E4, Gothenburg, Sweden) chamber, HEPES
uffer was injected into the cell and left until a stable baseline was
bserved. The liposome solution (0.5 mg/ml) was then injected, and
he changes of frequency and dissipation were recorded to monitor
he adsorption and stability of lipids on the crystal surface. After the
ignal response reached a plateau, buffer was injected three times
o determine the stability of the adsorbed liposomes. The QCM-D
xperiment was repeated three times (n = 3).

.5. Confocal laser scanning microscope (CLSM)

In order to confirm the coating of liposomes on ABFs, fluorescent
robes, calcein or rhodamine B, were incorporated with liposomes.
alcein (50 mM in HEPES) was entrapped inside the liposomes.
hodamine B-labeled lipids were incorporated in the liposome

ipid bilayer by adding 2% (w/w) to the DPPC initial lipid solu-
ion. The f-ABFs were centrifuged (4000 rpm, 3 min) and washed
t least five times with HEPES buffer to remove unbound lipo-
omes from the suspension. Images of f-ABFs were taken by a CLSM
Carl Zeiss AG/LSM 510, equipped with a 40 × 0.6 NA objective). The
alcein signal was detected using a 488 nm excitation laser and a
05–550 nm band-pass filter. For rhodamine B the laser wavelength
as 561 nm,  and the filter was BP 575-615 IR.

.6. Calcein release measurement

Calcein release measurements were performed using
PPC/MSPC (9:1 w/w) liposomes, since this lipid combination
as been shown to result in better triggered-release at 41 ◦C than
ure DPPC liposomes [28]. The calcein release from DPPC/MSPC
unctionalized ABFs (f-ABFs) was qualitatively monitored by CLSM.
he fabricated suspensions of f-ABFs were divided equally into

hree parts and heated at 33, 37 and 41 ◦C for 1 h, respectively.
he fluorescence signals from three samples were recorded by
LSM using the same parameters. In order to obtain quantitative
ata, the calcein release was measured on a Tecan Infinite M200
rs B 196 (2014) 676–681

PRO plate reader by measuring the fluorescence intensity at the
excitation wavelength of 490 nm and emission wavelength of
520 nm.  Ti (15 nm)  coated Si wafers 5 mm × 5 mm were used to
simulate an ABF surface. The wafers were cleaned in UV/ozone
cleaner for 30 min, and then incubated with liposomes for 3 h,
followed by washing in HEPES buffer 5 times. The wafer was then
placed in a 24-well plate containing 1 ml  HEPES buffer. The plate
was inserted in a plate reader (Tecan Infinite M200 PRO), and
the fluorescent intensities were measured at 33, 35, 37, 39 and
41 ◦C. The temperature was  kept constant under each condition
for 1 h before measuring. The maximum release of calcein was
determined by adding 2% Triton X-100 in HEPES buffer to dissolve
the vesicles adsorbed on the wafer. The maximum release was
used as the positive control, and the wafer without calcein-loaded
liposomes was  set as the negative control. The calcein release
efficiency was  calculated using Eq. (1)

Calceinrelease% = [(IDPPC/MSPC − INegative)/(IPositive − INegative)]

× 100, (1)

where IDPPC/MSPC, INegative and IPositive are the fluorescent intensi-
ties of the DPPC/MSPC coated wafer, negative control and positive
control, respectively [34].

3. Results and discussion

The structure of ABFs was analyzed using scanning electron
microscopy (SEM) and adsorption of liposomes was assessed using
QCM-D. Fig. 3 shows an SEM image of horizontal ABF arrays, where
the length of a single ABF is 16 �m and the diameter is 5 �m.  Fig. 4
shows the QCM-D results of DPPC lipids on TiO2-coated crystals.
The data presented were measured at the third overtone. The fre-
quency decreased 414 ± 12 Hz while the dissipation increased up
to 48 ± 3 × 10−6 in the first 30 min  and reached a plateau after 2 h.
This signal is typical of the adsorption of intact liposomes and is
consistent with previous reported results [32,33,35]. There was no
significant change in the frequency or dissipation after washing the
crystal three times with HEPES buffer, which suggests that DPPC
liposomes were stable on the TiO2 surface. For coating DPPC lipo-
somes on the surface of ABFs, we  incubated liposomes with ABFs
for 3 h to ensure a saturated adsorption.

QCM-D results showed a stable adsorption of DPPC liposomes
Fig. 3. SEM image of an ABF array taken by the SE2 detector. The scale bar is 10 �m.
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Fig. 4. QCM-D signals in response to the adsorption of DPPC liposomes on a TiO2

crystal. The blue and red curves are signals of frequency and dissipation of the crystal,
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espectively. All data presented were measured at the third overtone. (For interpre-
ation of the references to color in this figure legend, the reader is referred to the
eb  version of the article.)

mbedded within the liposome lipid bilayer. Calcein, a green dye,
as entrapped within liposomes, mimicking a water-soluble drug.

ig. 5 shows CLSM images of f-ABFs. We  used uncoated ABFs as
ontrols to calibrate the intensity of the laser ensuring that any
btained signal was a result of the fluorescent dye and not caused
y autofluorescence. Strong signals from both rhodamine B (Fig. 5a,
nd supporting video S1 shows the 3D image reconstruction of the
hodamine B labeled ABF) and calcein (Fig. 5b) show that liposomes
ere bound to the ABF surface, which confirms the QCM-D data.

his shows that both hydrophobic and hydrophilic drugs can be
ncorporated in liposomes. The release of the trapped drugs can
e temperature-triggered [36]. Furthermore, the fluorescent signal
ay  provide a way to track f-ABFs when they are swimming.

Fig. 6 shows colored-fluorescent images of f-ABFs at 33, 37

nd 41 ◦C, respectively, and the original quantitatible grayscale
mages of fluorescence are shown in Fig. S2a. The upper three
mages in Fig. 6 show the fluorescent images and the lower three

ig. 6. Calcein release from DPPC/MSPC functionalized ABFs at 33, 37 and 41 ◦C, respectiv
re  the combined images of fluorescence and bright fields.
Fig. 5. Fluorescent images of DPPC-coated ABFs. (a) An f-ABF with rhodamine B
labeled liposomes. (b) An f-ABF with calcein loaded liposomes.

images show the corresponding overlay images of fluorescence
and bright fields. In the upper image of Fig. 6, it can be seen that
the fluorescent signals from the f-ABFs hardly changed from 33 to
37 ◦C, which is due to the saturated fluorescent signals on f-ABFs,
while the background signals slightly increased from 33 to 37 ◦C,
which indicates the calcein on the background increased due to the
release of calcein from f-ABFs. On the other hand, the fluorescent
signals on f-ABFs dramatically decreased from 37 to 41 ◦C and the

background signals increased accordingly, which demonstrates
that entrapped calcein was released from the DPPC/MSPC lipo-
somes significantly at 41 ◦C. By measuring the intensity changes of

ely. The upper three pictures are fluorescence images, and the lower three pictures
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Fig. 7. Calcein release from DPPC/MSPC functionalized TiO2-coated wafer surfaces.
The  “DPPC/MSPC” represents the sample coated with DPPC/MSPC liposomes. The
“Positive control” represents the liposome-coated sample washed with 2% Triton
X
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-100 in HEPES buffer. The “Negative control” represents the surface without lipo-
ome coating. The error bars represent the standard deviations of the values of four
easuring points in the well.

he background fluorescence and the f-ABFs on each image using
mageJ software, we roughly calculated the calcein remaining on
-ABFs, which was less than 32% at 41 ◦C, meaning that the calcein
elease from f-ABFs at 41 ◦C was more than 68% (Fig. S2).

For quantitative and precise detection of calcein release from f-
BFs, the preparation of a large number of f-ABFs capturing calcein

s required. Because it is technically difficult to obtain these large
umbers of f-ABFs and because of errors in the number of ABFs in
ach experimental set, we used 5 mm × 5 mm  Ti coated Si wafers
o simulate the calcein release from f-ABFs. The surface area of Ti-
oated Si (25 mm2) is equal to the total surface areas of more than
000 ABFs, which makes the experiment easier and the total release
uch higher thus more reliable in quantification. Fig. 7 shows the

alcein release from Ti-coated Si wafer measured at 33, 35, 37 and
1 ◦C. The fluorescent intensity increased dramatically from 37 to
9 ◦C, which shows that calcein started to burst out from liposomes
round 39 ◦C and continually released till 41 ◦C. The release effi-
iency of calcein at 41 ◦C was 73 ± 15%, calculated according to Eq.
1). This quantity was consistent with the amount of calcein release
rom f-ABFs at 41 ◦C (more than 68%) (Fig. S2c).

. Conclusion

ABFs were successfully functionalized with temperature-
ensitive DPPC-based liposomes. Functionalization was  confirmed
y QCM-D and CLSM results. These f-ABF systems can be wire-

essly controlled by low-strength rotating magnetic fields. They
how the ability to load both hydrophilic and hydrophobic drugs,
nd to release calcein (a drug model). The results show calcein
as released at 39 ◦C, and the release efficiency of calcein reached

3 ± 15% at 41 ◦C. These hybrid systems of ABFs and “smart” car-
iers can be utilized for targeted delivery and triggered-release of
rugs, genes, enzymes and other relevant chemicals for biomedical
pplications.
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