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A B S T R A C T

Here we report on the development of polyimide-based flexible magnetic actuators for actively combating
biofouling that occurs in many chronically implanted devices. The thin-film flexible devices are microfabricated
and integrated into a single-pore silicone catheter to demonstrate a proof-of-concept for a self-clearing smart
catheter. The static and dynamic mechanical responses of the thin-film magnetic microdevices were quantita-
tively measured and compared to theoretical values. The mechanical fatigue properties of these polyimide-based
microdevices were also characterized up to 300 million cycles. Finally, the biofouling removal capabilities of
magnetically powered microdevices were demonstrated using bovine serum albumin and bioconjugated mi-
crobeads. Our results indicate that these thin-film microdevices are capable of significantly reducing the amount
of biofouling. At the same time, we demonstrated that these microdevices are mechanically robust enough to
withstand a large number of actuation cycles during its chronic implantation.

1. Introduction

Biofouling is a serious issue with enormous implications for devices
used in biomedical, maritime, and environmental applications [1]. For
devices that chronically interface with the body, biofouling can have a
detrimental impact on device performance [2]. Implantable devices
such as catheters and biosensors, often suffer from catastrophic func-
tional degradation over the course of their lifetime due to biofouling
[3]. An example of biofouling related failure that can lead to critical
injury for patients can be found in shunt systems used for hydro-
cephalus. Hydrocephalus is a neurological disorder that is characterized
by an abnormal accumulation of cerebrospinal fluid (CSF) in the brain,
often due to an imbalance between the generation and absorption of
CSF. It is commonly diagnosed in children with approximately 1–2
newborns diagnosed for every 1000 in the United States [4,5]. Un-
fortunately, there is no cure for this debilitating disease. The gold
standard for the treatment of hydrocephalus is the implantation of a

shunt system to divert excess CSF from the brain to another part of the
body [6]. As such, a sudden failure in this important device can lead to
significant and rapid health decline for the patient. Unfortunately,
shunt systems are notorious for their extremely high failure rate of more
than 40% within 1 year and up to 85% within 10 years of implantation
[7,8]. A large portion of this high failure rate can be attributed to
biofouling-related obstruction and infection [7,9].

A significant amount of research effort has been devoted to miti-
gating such biofouling-related device failures by preventing and mini-
mizing the attachment of biomolecules onto a surface of interest. Most
anti-biofouling strategies can be classified as either passive or active
methods. The passive approaches aim to prevent biofilm accumulation
by creating a ‘stealth surface’, which ideally remains undetected in a
biological milieu and therefore is not prone to biofouling [10]. Typi-
cally, these anti-biofouling surfaces are created using polymer coatings
to decrease the interfacial energy between the surface with the sur-
rounding solution or to reduce the intermolecular forces between the
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surface and the biomolecules [10]. Examples of anti-biofouling poly-
mers include polyethylene glycol (PEG) terminated polymers [11,12],
perfluoropolyether-based random terpolymers [13], zwitterionic poly-
mers [14,15] and phosphazene polymers [16]. More recently, biomi-
metic micro and nanoscale patterns have also been explored to prevent
biofouling. Pogodin et al., demonstrated the antimicrobial properties of
nanopillar structures found on the wings of a Cicada [17]. Zhang et al.,
used hybrid organic–inorganic nanoflowers with silver nanoparticles to
demonstrate antimicrobial activity against Gram-negative E. coli [18].
Moreover, Chung et al., recently engineered micro-topography found
on shark skin that were shown to disrupt biofilm formation [19].

While passive anti-biofouling surfaces may decrease the rate of
biofilm accumulation, they do not eliminate bio-accumulation entirely.
Thus, active anti-biofouling approaches that can periodically remove,
reduce or dislodge a biofilm on demand remain more attractive, espe-
cially for chronic applications (e.g., implantable devices, marine sen-
sors, etc.). Several different electro-mechanical transducers have al-
ready been proposed for anti-biofouling applications including
electrostatic repulsion, electroosmotic forces, and ultrasound-induced
shear forces to combat against proteins [20], bacteria [18,21], and even
blood clots [22]. Although these active methods demonstrate exciting
potential for combating biofouling, they pose challenges for chronically
implantable devices because of their complexity and high power re-
quirements.

To combat biofouling in situ without the morbidity, mortality, and
expense of additional surgical intervention, we have previously pro-
posed to use microfabricated magnetic actuators for removing bio-ac-
cumulation on ventricular catheters [23]. A magnetic microactuator is
ideal for such applications due to its simplicity (i.e., they do not require
integrated circuits or power source). In the presence of externally ap-
plied magnetic field, the microactuator torques out-of-plane to align
itself to the direction of the magnetic field (Fig. 1). The amount of out-
of-plane deflection can be controlled by changing the amplitude of the
magnetic field and in a time-varying magnetic field, the device can
move at high speed to create large shear force across its surface to re-
move biofouling.

Although the cellular removal capabilities [23], durability [24], and
magnetic resonance imaging compatibility [25] of these devices have
previously been demonstrated, they have only been fabricated on a
rigid silicon substrate thus far, which complicates their integration into
flexible devices. To facilitate the integration of microfabricated devices
into silicone-based catheters, we designed, fabricated, and tested novel
thin-film polymer-based magnetic microactuators in an effort to create
a self-clearing smart catheter. In this work, we demonstrate the new
process flow to create polyimide-based magnetic microactuators and
integrated them into silicone-based implantable catheter for future in
vivo evaluations. We report static and dynamic mechanical responses of
these devices, as well as their mechanical stability over long-term ac-
tuation. To demonstrate anti-biofouling properties of these thin-film-
based magnetic microactuators, we evaluated the impact of actuation
using fluorescent protein and light-activated microbeads.

2. Experimental

2.1. Microfabrication

The process flow for the fabrication of polyimide-based magnetic
microactuators has previously been described in detail [26]. Starting
with a 100-mm single crystal silicon wafer (Silicon Quest, San Jose,
CA), a 500-nm-thick silicon dioxide was deposited using plasma en-
hanced chemical vapor deposition as a sacrificial layer to facilitate the
device release. On top of the oxide release layer, 12-μm-thick polyimide
layer (PI-2525, HD Microsystem, Parlin, NJ) was spun on and cured as
suggested by manufacturer. Next, a conduction layer of chromium
(20 nm) and gold (50 nm) was evaporated (Airco E-Beam Evaporator,
Livermore, CA) to facilitate the subsequent electroplating step. Nickel

ferromagnetic elements (10-μm-thick) were electroplated on photo-
lithographically-defined plating-mold using the procedure described in
[24]. The structural plate was then defined using oxygen plasma
etching (Advanced Oxide Etcher, Surface Technology System, Newport,
UK). To release the microactuators, the wafer was placed in buffered
oxide etchant for 12 h to remove the sacrificial oxide layer. After re-
lease, 500-nm-thick Parylene C layer was conformally deposited
(PDS2010, Specialty Coating System, Indianapolis, IN) to improve
biocompatibility.

2.2. Mechanical evaluations

To characterize the static mechanical response of the fabricated
magnetic microactuator, the angular deflection as a function of the
applied magnetic field strength was measured for each device. The
magnetic field was generated using a bespoke iron core electromagnet.
The magnetic field strength was measured using a gaussmeter (8010
Gauss, Pacific Scientific, Chandler, AZ) as a function of applied current.
The individual device structure, was aligned and gently placed on a
5mm thick PDMS mold with 2-mm-diameter through-holes for struc-
tural support Fig. 1b and c. PDMS was then placed on top of the elec-
tromagnet under a digital microscope (KH8700, Hirox, Hackensack,
NJ). The top edge of the nickel magnet and the base of the cantilever
were focused upon and their vertical positions were recorded. The
difference between the two points was then converted into deflection
angle.

The dynamic responses of the polyimide-based magnetic micro-
actuators were measured in air and in deionized water to identify the
resonant frequency at which the device actuates with high energy ef-
ficiency. An electromagnet with a 6-inch-long ferrite 77 core (Fair-Rite,
Wallkill, NY) was made for measuring the dynamic responses because
of its high relative permeability and excellent frequency response. The
test sample was placed on a PDMS fixture on top of the electromagnet in
the same manner as with the DC measurements (Fig. 1c). A scanning
laser Doppler vibrometer (MSA-400, Polytec, Waldbronn, Germany)
was used to measure the out-of-plane velocity at a series of points across
the actuator surface. The electromagnet was driven with a swept sine
excitation generated by the MSA-400 system. The fast Fourier transform
algorithm was applied to the time series velocity data, and frequency-
domain integration was used to develop a spatially averaged displace-
ment spectrum for the device. A linear approximation of the impedance
of the magnet was used to estimate the current applied. The H1 fre-
quency response estimator (amplitude per unit actuation current) was
then calculated, giving the best linear estimate of the relation between
current and displacement from 1.25 to 1200 Hz with a 1.25 Hz re-
solution.

2.3. Fatigue evaluation

Each test sample was suspended on top of two thin PDMS anchor
points covalently bonded on a glass slide to allow the actuator to deflect
up or down during actuation. The test fixture was then placed in a small
beaker filled with 1X PBS (Invitrogen, Thermo Fisher Scientific). The
temperature of the PBS was maintained at 37 °C by circulating solution
between a flask sitting on top of a hotplate and small beaker via a
peristaltic pump. The actuators were driven at 26.5 kA/m using a
100 Hz sine wave with the same electromagnet described in preceding
section. The magnet was water cooled using a separate circulating flow
system. Each sample was periodically taken out of the testing setup at
300 K, 3M, 30M, 150M and 300M cycles to measure its resonant
frequency in air using the LDV.

2.4. Fluid–structure interaction

A simplified numerical analysis of fluid–structure interaction of our
magnetic microactuators were performed using COMSOL Multiphysics
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finite element modeling software (v3.5, COMSOL, Inc., Los Angeles, CA,
USA). The incompressible Navier–Stokes application mode in COMSOL
was used to solve Eq. (5). As discussed earlier, Stokes flow was as-
sumed, and a series of steady-state simulations was carried out at dif-
ferent angular deflection positions of the magnetic microactuators. For
2D analysis of our magnetic microactuator, a total of 18 steady-state
analyses of different angular deflections of our magnetic microactuators
were performed to simulate a full actuation cycle.

The simulation parameters for the 2D analyses are listed in
Supplementary Table 1. The meshed model of the device at 0° deflec-
tion is shown in Supplementary Fig. 3. To simulate the continuous flow
of CSF, the inlet boundary was set at 2 kPa, which is the upper limit of
the normal range of the intracranial pressure; the outlet pressure was
set at 0 Pa. The time-variant instantaneous velocity of the magnetic
microactuator was set with the maximum velocity =v Dωo f at the tip of
the structural plate and decreasing linearly towards the axis of rotation.

2.5. Preparation of ASBA-microbead

ASBA solution was prepared in a dark room to protect the photo-
active group. In an orange light-proof bottle, we added 100 μL of dried
DMSO (Thermo Scientific, Rockford, IL, USA) to 3mg of ASBA (Thermo
Scientific, Rockford, IL, USA) to make 120mM stock solution. We then
diluted the 6 μL of stock solution with 94 μL PBS to make 6mM ASBA
solution to be used for conjugation. We washed 4mL of carboxylated
10-μm-diameter carboxylated polystyrene beads (CPX-100-10,
Spherotech, Inc., Lake Forest, IL, USA) with 5mL of 2-(N-morpholino)
ethanesulfonic acid (MES) buffer by spinning at 3000 rcf for 4min and
resuspending the beads in fresh buffer. Next, 100mg of EDC (Thermo
Scientific, Rockford, IL, USA) and 100mg of Sulfo-NHS (Thermo
Scientific, Rockford, IL, USA) was added to microbead suspension and
allowed to react in room temperature for 15min. The reacted mi-
crobeads were washed three times with 5mL of MES as described
previously. We then added 100 μL of the previously prepared 6.0 mM
ASBA solution in a dark room and allowed to react for 4 h with mixing.

Fig. 1. Development of self-clearing smart implantable catheter. (a) A photograph of released polyimide-based magnetic microactuator array and (b) zoomed-in view
of individual device [26]. (c) Schematic of bench-top mechanical evaluation setup, which allows large out-of-plane deflection ϕ in the presence of externally applied
magnetic fields. (d) A photograph of a deflected device. (e) Images of integrated thin-film magnetic microactuators into an implantable silicone-based catheter to
provide self-clearing capability.
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After the reaction, the microbeads were again washed with MES and
resuspended in MES to achieve bead density of 10× 106 beads/mL.

2.6. Jet impingement

Polyimide-coated glass microscope slides (A-1460/L, Becton,
Dickonson and Company, Franklin Lakes, NJ, USA) were used as the
substrate for the jet impingement experiment. The glass-slides were
treated with 4 wt.% diethylenetriamine to introduce amine groups on
surface [27]. The jet impingement experiment setup is shown in Fig. 4a.
A 12-ml syringe (Kendall Monojet, Covidien, Mansfield, MA, USA),
filled with PBS, was placed inside a linear syringe pump (PHD 2000
Infusion, Harvard Apparatus, Holiston, MA, USA). A 23-gauge needle
(5123-1-B, EFD, Inc., East Providence, RI, USA) was attached to the
syringe and placed on a vertical micrometer to deliver the stream of
microjet. A 100 μL of the solution containing 106 beads per ml and
200 μL of PBS buffer was loaded onto three 1 cm2 squares drawn on
glass slides. The loaded glass slides were placed inside a quarts petri
dish and placed under a long UV light for 30min. Following UV irra-
diation, the petri dish containing the parylene glass slides were placed
on an optical stage with vertical actuator. The needle was brought
down to the glass slide surface using the vertical micrometer and po-
sitioned perpendicularly at a height equal to two times the inner dia-
meter of the availability needle. The flow rate of microjet was calculate
to deliver the fluid at Re=1000 for 5 s. For each square centimeter
area, as many as 25 non-lesions legions were created depending on the
lesion size.

2.7. Circulating biofouling model

To ensure that the microbeads have robust attachments to the mi-
croactuator surface, 50 mM of ASBA concentration was used during the
conjugation step. To accelerate the occlusion process, a concentration
of 6× 105 microbeads per mL was used, which is approximately 10
times higher than what has previously been used in a similar experi-
ment [28]. The microbead reservoir solution was made with 15 million
ASBA-conjugated microbeads and 15 million amine-conjugated mi-
crobeads in 50mL MES. The prepared microbead solution was placed in
a lightproof 75-mL cell-culture flask and mixed continuously using a
magnetic stir plate and flowed through the system at 0.75mL/min,
which corresponds to the upper range of human CSF production rate
[29,30]. A self-clearing catheter sample was placed into an interconnect
apparatus with custom-made PDMS gaskets. Once the fluidic compo-
nent of the circulating occlusion system was running, the fluorescent
source was turned on and the UV light filter was placed to photoactivate
the ASBA-functionalized microbeads as it travels through the pores at
30-s intervals to monitor the occlusion progress. Once the device was
determined to be occluded the time-lapse interval was reduced to 1-s to
capture the occlusion clearing process. To activate the magnetic mi-
croactuator, an ac magnetic field with 30 kA/m and 10 Hz was applied
using a signal generator and a power supply for 1min.

3. Results

3.1. Mechanical evaluations

Our thin film devices share the same cantilever-based design fab-
ricated on bulk silicon wafers [24,25]. Here we used a uniform poly-
imide layer as the structural base to facilitate integration into soft si-
licone catheters. Polyimide is chosen for excellent chemical resistance,
biocompatibility and favorable mechanical properties [31]. At the tip of
the cantilever beam, an electroplated ferromagnetic material covers the
surface of a circular structural plate (Fig. 1a and b). The diameter of the
structural plate is 900 μm, slightly smaller than the pore size of a
conventional catheter. In the presence of a magnetic field, the magnetic
element can apply a moment on the flexure, causing out-of-plane

deflection (Fig. 1c). The large amplitude out-of-plane deflections pro-
duced in this manner can remove biofouling. Once released, the thin-
film magnetic microactuator stays below the pore surface (Fig. 1d and
e). Assuming that the load on the polyimide cantilever is a concentrated
on its tip, the relationship between the applied magnetic field and the
resulting deflection angle ϕ can be described by

= −( )ϕ V ϕ kMH sin /π
m 2 beam with cantilever stiffness kbeam, magnet

volume Vm, magnetization M, and applied magnetic field H (Fig. 1c)
[32,33]. We have experimentally determined 12 μm as the optimal
thickness for reasonable stiffness and overall structural strength [26].
With the fixed thickness, we varied the cantilever beam length
(250–500 μm)and width (40–50 μm) to optimize device performance.
To demonstrate a proof-of-concept microelectromechanical systems-
enabled self-clearing catheter, we integrated our device into a silicone
catheter in a similar fashion as described by Li et al. (Fig. 1e) [34]. Our
device structure was manually slid inside a catheter and aligned to the
hole punctured in a central venous access device (Cook Model G0664),
which has the inner diameter of∼800 μm. The polyimide substrate was
rolled to comply with catheter wall curvature and fixed in place with
silicone adhesive.

Fig. 2a shows the static responses of fabricated devices. As the
amplitude of the applied magnetic field increase, the out-of-plane de-
flection increased approaching nearly 70°. Our results indicate that
approximately 15–25 kA/m of magnetic field strength can result in
fairly large deflections (> 45°), and this will serve as a general guide to
what magnetic field strength is needed to actuate the device in vivo. To
evaluate dynamic behavior, our magnetic microactuator was modeled
as a cantilever–tip mass system. The resonant frequency can be ap-
proximated by solving the natural modes of free vibration. According to
Euler–Bernoulli theory [35], free transverse vibration of a thin uniform
cantilever can be described by:

∂
∂

+ ∂
∂

=
ρA

W x t
x

W x t
t

EI ( , ) ( , ) 0,
4

4

2

2 (1)

where W(x, t) is vertical deflection amplitude as a function of length
and time t, at position x along length of the beam. A, I, ρ, E, are the cross
section area, the second moment of inertia, density, and the Young's
modulus of beam, respectively. The natural vibration frequency
ω=2πf can be solved by applying proper boundary conditions to W(x,
t). In our case, the cantilever is fixed at base at all time, therefore:

= =W t t(0, ) 0; dW(0, )
dx

0. (2)

On the other end of cantilever (x= L), the shear force must match with
the tip mass m:

∂
∂

= ∂
∂

W L t
x

m W L t
t

EI ( , ) ( , ) .
3

3

2

2 (3)

Tip mass m is defined as the mass of structural plate plus the nickel on
top. The bending moment at x= L must also match with the moment of
inertia of tip mass J:

∂
∂

= − ∂
∂ ∂

W L t
x

J W L t
x t

EI ( , ) ( , ) .
2

2

3

2 (4)

The moment of inertia J is calculated from the geometry of structural
plate. The primary flexural resonant frequency is solved for numerically
after applying boundary conditions (2), (3), (4) to Eq. (1). Fig. 2b shows
the plot of H1 frequency response of a sample device in both air and in
water. When submerged, the primary mode resonant frequency de-
creased considerably from ∼450 Hz to ∼100 Hz. Compared to ex-
pected value, the measured resonant frequency was lower by approxi-
mately 3% (Table 1). We suspect that this discrepancy between the
observed resonant frequency in air and the theoretical prediction may
be due to a small variation in fabrication results (i.e., beam geometry
and electroplated nickel thickness).

Since it is important to ensure that these polyimide-based
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microactuators are strong enough to survive extended cycles of actua-
tion in vivo, we examined the mechanical fatigue property of our mi-
crodevices. Each sample was continuously actuated for> 300 million
cycles, which roughly equates to approximately 30 years of lifetime for
30-min of weekly actuation. We expected to demonstrate changes in
mechanical integrity of each device by monitoring their resonant fre-
quency. Fig. 2c shows percent change in resonant frequency from cycle
1 to 300 million. The resonant frequency shifts at the end of 300 million
cycles compared to the initial state ranged between −4.3 and 3.2%
(Fig. 2d). At the end of 300M cycles, no sample exhibited any changes
in polymer geometry in terms of swelling or shrinkage as expected.
There were also no visible cracks or dents on any of the test samples.

However, all samples exhibited some form of salt deposit likely due to
extended submersion in phosphate buffered saline (PBS), which may
have contributed to changes in resonant frequency (Fig. 2e).

3.2. Fluid–structure interaction

Understanding the dynamic responses in fluid is critical in designing
implantable magnetic microactuators that are effective against bio-
fouling. As noted previously, the dynamics of microactuator changes
drastically when device is submerged in liquid due to effects of
damping (Fig. 2b). Although there are several examples of analytical
solutions used to predict the dynamic responses of cantilever beams in
viscous fluids [36–39], many are limited to constant-width micro-
actuators with small deflection amplitude, which does not reflect our
design with circular structural plate and ferromagnet. Thus, here we
used numerical analysis to evaluate the fluid–structure interaction.

Our hypothesis is that the movement of magnetic microactuator,
which is surrounded by CSF, produces significant amount of shear stress
to physically remove adsorbed biofouling material. Therefore, char-
acterizing the shear stress distribution across the surface of our mag-
netic microactuators as it moves in a continuous flow may provide
additional insight on optimizing device design. The shear stress τ re-
sponsible for removing cells on the device surface is related to the fluid
velocity by τ= μ∂u/∂y, with the dynamic viscosity of the fluid μ and the

Fig. 2. Mechanical evaluations. (a) Deflection of magnetic microactuators under static magnetic field. Solid line indicates theoretical prediction, circle represents
measured values. The results (n=3) are expressed as average ± s.d. (b) H1 frequency response estimators of a representative magnetic microactuator in air and in
water. Black dots and axis represent data in air, grey dots and axis represents data in deionized water. (c) Percent change in primary resonant frequency at various
actuation cycles. The results (n=3) are expressed as average ± s.d. (d) Frequency responses of a representative device before and after 300M actuation cycles. (e)
Photographs of a microactuator before and after 300M actuation cycles. Note the crystallin deposit around the perimeter of the device.

Table 1
Expected vs. measured resonant frequency (n=3).

Theory Measured Δ [%]

Beam length [μm] 400 409.98 ± 0.75 2.49
Beam width [μm] 49 48.90 ± 0.95 −0.20
Tip mass [kg] 4.57× 10−8 4.54× 10−8 −0.65

±3.62× 10−10

J [kgm2] 2.54× 10−15 2.52× 10−15 −0.78
±2.02× 10−17

f [Hz] 464.93 449.13 ± 7.94 −3.39
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fluid velocity gradient ∂u/∂y.
The CSF contains a mixture of protein and cellular material, which

may suggest a complex non-Newtonian fluidic behavior. However, past
investigations on the fluid mechanical properties of CSF have shown
that, even at an elevated level of proteins and cells, CSF behaves like a
Newtonian fluid in which the shear stress and the applied strain have a
linear relationship [40–42]. In addition, it is common to treat CSF as an
incompressible viscous fluid as evidenced by several CSF computational
fluid dynamic studies [43–46]. The motion of an oscillating solid body
immersed in viscous fluid for an incompressible fluid where ∇ =v· 0,
can be described with a simplified Navier–Stokes equation [47]

⎛
⎝

∂
∂

⎞
⎠

+ ∇ = −∇ +ρ v
t

v v p μ v·( ) Δ ,
(5)

with fluid density ρ, fluid velocity v, and volume viscosity μ. In cases of
low actuation frequency and hence low fluid velocity (i.e., Re < 1), Eq.
(5) may be further simplified to ignore inertial effects and the velocity
profile of the fluid may be assumed to be steady at any point in time,
giving

= −∇ +p μ v0 ( ) Δ . (6)

The kinematic Reynolds number Re for the flow generated by the
oscillating body can be written as Re=ωD2/ν, with the characteristic
length of the oscillating body D and the kinematic viscosity of the fluid
ν= ρ/μ. The Reynolds number for our devices actuating at its primary
resonance in fluid (∼100 Hz) is approximately 46, which is beyond the
typical conditions of Stokes flow in which the inertial effects can be
ignored. However, there are examples in literature of employing the
assumption of Stokes flow for microscale devices with 28 < Re < 67
[48,49,46]. For the analyses of our magnetic microactuators, we as-
sumed slower actuation frequency (10 Hz) to justify Stokes flow and to
simplify the fluidic model (Supplementary Table 1).

Fig. 3a illustrates the fluidic motions caused by our magnetic mi-
croactuator moving at 10 Hz. The microactuator acts as a closed-valve
at t=0. As the actuator rotates open against the fluidic current, the
fluid velocity through the catheter pore increases until its maximum
when ωt= π/2. The magnitude of shear stress across the top surface of
our device (i.e., left wall of the moving boundary) was quantified.
Fig. 3b illustrates different shear stress profiles of our microactuators at
various angular deflection states. As expected, the results indicate that
as the angular deflection of the device increases, so does the shear stress
across its surface. In Supplementary Table 2, we reviewed the adhesion
properties of several different biofouling materials and found that, in
general, a shear stress of> 2.5 kdyn/cm2 will remove most surface-
bound cells. From Fig. 3c, we can see that the device can certainly
generate high enough shear stress to remove the cellular occlusion
above a certain angular deflection level. Specifically, we can expect
nearly 40% of our microactuator surface to experience a shear stress
that exceeds 2.5 kdyn/cm2 when the device is deflected 60° with 40 kA/
m of applied magnetic field (Fig. 2a). This shear stress results are en-
couraging because we may expect to see a greater shear stress by ac-
tuating the device at a higher frequency while maintaining similarly
large deflection.

3.3. Circulating biofouling model using cellular analogue

To better recapitulate the dynamic CSF flow through the smart ca-
theter, we created a circulating biofouling model with bioconjugated
cellular analogue. The idea is to create a cellular analogue that will
aggressively adhere to the magnetic microactuators within hours and to
provide a platform for evaluating performance of our devices in a dy-
namic fluid environment. Although there are examples of circulating
bioreactors that may be used [28], it is difficult to mimic robust bio-
fouling that occurs in vivo due to difficulty in maintaining cell culture
sterility over long-term.

Here we conjugated 10-μm polystyrene microbeads (CFP-10056-2,

Spherotech, Inc. Lake Forest, IL, USA) with photoactivated crosslinker,
4-p-azidosalicylamido-butylamine (ASBA, Thermo Scientific, Rockford,
IL, USA) to create cellular analogue. ASBA has an amine group on one
end and a phenylazide group on the other end [50]. The amine func-
tional group can be used to attach the crosslinker onto the carboxylic
acid functional groups on polystyrene microbeads by using a well-re-
cognized conjugation chemistry with N-hydroxy-sulfosuccinimide
(Sulfo-NHS, Thermo Scientific) and 1-ethyl-3-[3-dimethylaminopropyl]
carbodiimide hydrochloride (EDC, Thermo Scientific, Supplementary
Fig. 1). The photosensitive phenylazide releases N2 upon photoactiva-
tion by long ultraviolet light (315–410 nm) and becomes a nitrene
which can bind to amine functional groups. Using ASBA linker as an
analogue for the cell-adhesion molecules have several advantages.
Since photoactivated ASBA on the microbeads will attack free amine
groups, no additional immobilization steps are needed on the target
surface.

To quantify the adhesion strength of the ASBA-conjugated poly-
styrene microbeads, we used simple jet impingement technique
(Fig. 4a), which takes advantage of the shear stress gradient that occurs
when a submerged stream of microjet impinges against a planar surface
[51]. The shear force peaks at a position just outside of the microjet
radius and decreases as a function of radial distance away from the axis.
It is then possible to estimate the shear stress needed to remove mi-
crobeads from the surface by measuring the radius of lesion created by
the microjet impinging upon a layer of microbeads (Fig. 4b). With only
6mM of ASBA, the average detachment shear stress ranged from 615 to
669 dyn/cm2. When conjugated with more than 25mM of ASBA, the
shear stress increased to 1981 dyn/cm2. Moreover, when ABSA-con-
jugated microbeads were mixed with NH2-microbeads, the detachment
shear stress increased statistically significantly (p < 0.01, Fig. 4c). This
may be due to additional availability of nucleophilic species, which can
promote a more robust cross-linking between ASBA-conjugated and
NH2-conjugated microbeads.

The circulating biofouling setup allows wide-view optical access to
an array of devices in a dynamic fluidic environment (Fig. 4d). It fea-
tures three main components: an inverted microscope (Olympus
CKX41SF, Olympus America, Inc., Center Valley, PA, USA) equipped
with a CCD camera (Orca-Flash2.8, Hamamatsu Photonics, K. K., Ha-
mamatsu City, Japan) and a computer with image-analysis software
(MetaMorph TL, Molecular Devices, Sunnyvale, CA, USA), a custom
electromagnet driven by a signal generator and a power supply, and a
fluidic circuit with a reservoir containing the chemically modified mi-
crobeads. The fluidic circuit driven by a peristaltic pump featured a
custom-fabricated device-interface apparatus that allows the microbead
containing solution to flow through the catheter pore.

After 11 h of continuous flow using the experimental parameter
described below, the microactuators were determined to be fully oc-
cluded. Supplementary Fig. 2 shows the progression of microactuator
occlusion. Qualitatively, we observed most occlusion occurred within
the first 6 h. With the image-processing software, we quantified the
number of pixels in each image that exceeds an intensity threshold.
Fig. 4e demonstrates the occlusion clearing capability of the magnetic
microactuators. The normalized patency was plotted versus time
throughout the occlusion and recanalization steps (Fig. 4f). The base-
line patency at the end of occlusion process prior to actuation was
∼10%. Following the actuation protocol, the patency of the pore is
restored back to ∼95%, which demonstrates robust occlusion clearing
capability of the magnetic microactuator. The mixture of ASBA+NH2

microbeads required ∼2.7 kdyn/cm2 of shear stress to detach Fig. 4c.
The fact that our device showed more than 90% patency restoration
suggest that our device is capable of exerting greater forces when
driven at a higher actuation frequency (40 Hz).

3.4. Protein removal

When a device is implanted in the body, a thin proteinaceous layer
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forms on its surface, which facilitates an immune hypersensitivity re-
action by allowing formation of Arginine–Glycine–Aspartic (RGD) acid
receptor–ligand complexes that recruits more inflammatory cells to the
device surface [52–54]. RGD peptide is a part of recognition sites of a
transmembrane protein, integrin, that mediates cellular adhesion to its
surrounding extracellular matrix [55]. The integrin-RGD interaction is
also known to play a role in cellular mechanotransduction, which is
important in cell survival and growth [56,57]. If it is possible to prevent
protein layer formation, it may be possible to delay or prevent down-
stream inflammatory reaction that result in capsule formation [3].

To characterize the protein-based biofouling removal capability of
polyimide-based thin-film magnetic microactuators, we coated our
devices using fluorescent-tagged bovine serum proteins (BSA-FITC,
ThermoFisher Scientific, Waltham, MA, USA). The shear stress required
to remove BSA has previously been reported to be in the order of
1–10 dyn/cm2 [58,59]. As such, we expected our microactuators to
have little trouble in removing the adsorbed BSA-FITC. The fluores-
cence intensity of absorbed BSA-FITC plateaued around 5mg/ml on
Parylene surface, therefore, all BSA-FITC evaluations used this con-
centration. Each sample was placed inside a sterile test tube with 5mg/
mL of BSA-FITC in PBS and incubated for 2 h. The images of protein
coated samples (n=8) were taken using a fluorescence microscope
(Axio Observer Z1, Carl Zeiss Microscopy, LLC) using filter set 17 (ex-
citation, BP 485/20, and emission BP 515-565, Carl Zeiss Microscopy,
LLC). Next, we investigated the impact of actuation of our microdevices

on adsorbed protein concentration. Four protein-coated microactuators
were subjected to 26.5 kA/m of magnetic field at 40 Hz for 5min, and
re-imaged. A set of control devices (n=4) was treated with 5min of
zero magnetic field. The fluorescence intensity of microactuator sur-
faces before and after actuation was quantified using imageJ software
(version 1.50i). Fig. 5a–d shows fluorescence images of BSA-FITC
coated microactuators. Without actuation, little change in fluorescence
intensity was observed. However, actuated samples show statistically
significant reduction in fluorescence (p < 0.01), which suggests robust
biofouling removal.

4. Conclusions and discussion

Here we report on the development of polyimide-based thin-film
magnetic microactuator, which exhibits great promise for combating
protein-based biofilm accumulation. Preventing protein adsorption on
device surface is thought to delay the inflammatory response because
macrophages bind to specific regions of fibrinogen and albumin that
immediate passivate the implant surface [3,60]. Similarly, implanted
ventricular catheters are also known to be covered in albumin [61]. The
overarching goal of our work is to use our microfabricated devices to
prophylactically remove the potential binding sites of macrophages and
prevent formation of fibrous capsule around the implant. The periodic
actuation may be performed as an inpatient procedure during which a
custom electromagnet can be used to locally apply external magnetic

Fig. 3. CFD results. (a) Normalized velocity field due to device actuation is plotted at different time points. The continuous flow is originating from the left boundary
and the actuator is moving against the current. Scale bars= 1mm. (b) Plot of shear stress profile along the cross section of the magnetic microactuator (inset). Note
the increasing magnitude of shear stress as the angular deflection increases. (c) Percentage of area with τ>2.5 kdyn/cm2. The percentage of the boundary with
greater than 2.5 kdyn/cm2 of shear stress. Note that at the fully deflected state (90°), more than half of the device surface experiences greater shear stress than the
threshold.
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field over the implant.
We found that the flexible nature of our microfabricated devices

facilitates the integration with into an implantable catheter (Fig. 1).
The manual integration of our single device was relatively simple and
straightforward, although we suspect that alignment of an array of
device in a multi-pore catheter design may be more challenging.
Nevertheless, it may not be necessary to have each inlet pores be in-
tegrated with a magnetic microactuator since the biofouling-related
occlusion occurs most often on the proximal inlet pores where the flow
rate is the highest [62,63]. Therefore, it may be possible to vary the
number and location of devices to optimize catheter performance.

The mechanical responses of these microfabricated devices showed
good agreement with theoretical values, which indicates adequate
control of our fabrication processes. The static deflection of magnetic
microactuator mirrored the expected value closely and the resonant
frequency of our microactuators differed on average by less than 4%
(Fig. 2a and b). To mitigate potential device failure due to chronic
actuation, we evaluated the shift in resonant frequency following over
300 million cycles of actuation, which corresponds to more than 30
years of lifetime for 30-min of weekly actuation at 100 Hz. The change
in resonant frequency was also relatively minor with the maximum
change being approximately 4.3%. Our post-actuation examination
showed that all tested samples showed deposition of salt crystals which
could have contributed to the shift in resonant frequency (Fig. 2e).
Overall, the polyimide-based magnetic microactuators were demon-
strated to be flexible enough for simple integration into an implantable

catheter and mechanically robust enough to be chronically implanted.
To better understand the mechanism of our active anti-biofouling

devices, we performed a numerical analysis to model the fluid–-
structure interaction (Fig. 3). As the actuator sweeps across the inlet
pore surface, the increased flow rate causes an elevation of shear stress
across device surface, which can exceed adhesion strength of various
biofouling materials (Supplementary Table 2). We noted that increasing
the amplitude of actuation can increase the microactuator surface area
that exceed certain detachment strength. Although a more sophisticated
simulation may be required to assess the impact of inertial effects and
higher actuation speeds, our results corresponds well with subsequent
experimental results to suggest that this simple analysis may be used to
facilitate future device design.

We also reported on the development of a circulating-flow bio-
fouling test platform using cellular analogue. The presented test-plat-
form subjects self-clearing catheters under a more realistic dynamic
fluid environment found in in vivo. We have found that the ASBA-
conjugated microbeads serves as a robust cellular substitute that can
expedite the occlusion process without significant efforts to maintain
viable cell culture over time. These cellular analogues have been shown
to feature comparable adhesion strength as some fibroblasts
(Supplementary Table 2). Using an inverted fluorescent microscope, we
were able to visualize the occlusion and self-clearing processes of anti-
biofouling catheter. With this test platform, we demonstrated that our
magnetic microactuators can be activated in a continuously flowing
environment to remove accumulated obstruction (Fig. 4). Although the

Fig. 4. In vitro circulating biofouling model. (a) Photograph of the jet impingement experiment setup. (b) Examples of the lesions created by microfluid jets. (c)
Effects of ASBA-concentration and potential cross-linking between ASBA-conjugated and NH2-conjugated microbeads. (d) The schematic illustration of the circu-
lating occlusion platform for evaluating the microbead clearance capabilities of magnetic microactuators. (e) Microbead removal capability of a magnetic micro-
actuator before (at 5 min and 11 h of microbead deposition) and following actuation. Scale bars= 200 μm. (f) The amount of normalized patency as a function of
time. Note the 1-minute actuation procedure (inset) restored the patency from ∼10% occlusion to ∼95%. The pore was normalized to when time= 0. During 1-min
actuation, the magnetic microactuator deflection increased the amount of open area to be greater than 100% patency.
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polystyrene microbeads do not recapitulate the complex cell-cell and
cell-matrix interaction that can significantly effect the biofouling-re-
moval capabilities of these microactuators, this simplified evaluation
method may increase the experimental throughput necessary to opti-
mize device design.

Finally, we demonstrated the capability of our devices to expel
protein layer that adhered to its surface (Fig. 5). Inflammatory pro-
cesses often begin with proteinaceous layer formation that triggers re-
cruitment of macrophages [3]. By periodically removing protein
coating that occurs following implantation, it may be possible to delay
the inflammatory response that can leads to a premature implant
failure. Compared to the control devices, the amount of albumin re-
duction exceed more than 90% with only 5min of actuation. Indeed,
there are several other plasma proteins that can trigger inflammatory
response including fibrinogen (340 kDa) and fibronectin (220 kDa) that
have different molecular weights than albumin (66.5 kDa). However,
the non-specific interaction is mainly affected by the hydrogen bonding
as well as the hydrophobic, Van der Waals, electrostatic, and macro-
molecular forces, and thus more sensitive to the isoelectric points (pI) of
each protein [64,65]. Although additional experiments will be needed,
our hypothesis is that these other proteins will feature similar adhesion
properties that can be overcome by our microactuators since they all
have similar isoelectric points (pI= 5.5 for fibrinogen and fibronectin

and pI= 4.7 for albumin) [66–69]. Therefore, we believe our result
provides the preliminary evidence to suggest that these self-clearing
catheters can not only be used to remove cellular biofouling [23], but
may also be used to combat protein film growth that precedes macro-
phage recruitment.

Despite our promising results, additional experiments are needed to
fully characterize the anti-biofouling capacity of magnetic micro-
actuators. As previously mentioned, biofouling refers to a wide scale of
biological materials including proteins, bacteria, cells, and tissue.
Although this work focused on characterization of mechanical shear
generated by the magnetic microactuator motion and its capacity to
remove non-specifically adsorbed protein, additional work is necessary
to quantify the impact of microactuation on combating bacterial biofilm
since a large percentage of implanted devices also suffer from bacterial
infection-related failures [70]. Our hypothesis is that prophylactic re-
moval of protein can also prevent bacterial accumulation since fi-
brinogen, fibronectin, albumin, and collagen are known to promote
microbial adhesion [71]. It may also be interesting to leverage afore-
mentioned passive anti-biofouling approaches [17–19] in combination
with our active actuation platform to further improve biofilm preven-
tion and reduction.

Another potential caveat to our anti-biofouling approach is that it is
not clear what happens to the displaced biomaterial. Understanding the
downstream impact of removed biomaterials will be important in
clinical utility of these devices. The ultimate aim of this research is to
utilize these smart self-clearing implantable devices to improve the
reliability and lifetime of implantable devices by preventing and re-
moving biofouling. The reported results further demonstrate the proof-
of-concept of using active mechanisms to combat biofouling in a more
physiologically relevant test environment against various biofouling
materials. In the future, however, we will evaluate the performance of
our devices in vivo to demonstrate that our smart catheter can combat
biofouling in a more complex environment without adverse effects.
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