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A cylindrical magnetically-actuated drug delivery device proposed 
for minimally invasive treatment of prostate cancer  

P. Zachkani,
a
 J. K. Jackson,

b
 F. N. Pirmoradi,

c
 and M. Chiao*

a
  

A cylindrically shaped magnetically-actuated MEMS (Microelectromechanical Systems) drug delivery device for localized 

prostate cancer treatment is proposed in this work. The device is designed for implantation through a gauge 12 needle for 

minimally invasive procedures. The drug delivery device consists of a drug reservoir, a PDMS (polydimethylsiloxane) 

membrane, a magnetic block and a housing. Under external magnetic fields, the movement of the magnetic block deflects 

the membrane and discharges the drug through an aperture and into the housing. The housing has a large opening which 

allows the released drug to diffuse to the surrounding tissues while it prevents the tissues from touching the membrane. 

On-demand drug release with consistent release rates and device implantation using a needle into ex vivo porcine bladder 

tissue are demonstrated. 

Introduction 

Despite the declining mortality rate in developed countries 

from prostate cancer, the disease remains a major global 

health problem as the sixth leading cause of cancer deaths in 

men.
1
 Current methods for treating prostate cancer depend on 

the stage of the disease and the condition of the patient. For 

early-stage localized prostate cancer, radical prostatectomy 

(RP) and radiation therapy (RT) are the primary choices of 

treatment.
2
 New tumor ablation treatments for localized 

prostate cancer such as HIFU (High-Intensity Focused 

Ultrasound) brachytherapy and cryosurgery are also emerging 

as alternatives.
3 

 

Most prostate cancer treatments have the chance of 

associated side effects including incontinence, bowel 

dysfunction and impotence.
4-6 Many patients receive hormone 

ablation therapy which successfully reduces tumor size to 

facilitate RP or RT methods but all patients develop resistance 

to this treatment.
7
 

Systemic chemotherapy using docetaxel is a standard 

treatment for patients with metastatic cancer but it has also 

been used for localized treatment. In systemic drug 

administration, the plasma drug concentration needs to be 

maintained within a defined therapeutic range for a certain 

time period. However, injections or slow infusions are not 

suited to providing these drug regimes. While a high initial 

concentration of drug may lead to systemic toxicity, a lower 

concentration of drug later on may not be therapeutically 

effective. Taxane-based drugs such as docetaxel have narrow 

therapeutic windows and they are rapidly depleted from the 

blood after administration.  Therefore large fluctuations in the 

drug concentration in blood, may increase the chance of 

toxicity or reduce the efficacy of drug therapy.
8,9 Localized 

drug delivery, on the other hand, is capable of providing 

localized and controlled drug delivery, which may maintain an 

effective  concentration of drug at the local disease site and 

hence, reduce the chance of systemic toxicity and adverse side 

effects. 

Generally, many drug delivery devices have been proposed for 

the local treatment of disease. Passive drug delivery implants 

release drugs at  predetermined rates by osmotic pressure,
10

 a 

porous membrane,
11

 polymer degradation12
 or a change in 

their surroundings such as pH or temperature change13
 with 

very limited or no dosing flexibility (i.e. no control over the 

rate and time of release). 

One of the advantages of on-demand drug delivery is that drug 

release can be switched on and off to suit a proposed  

treatment regimen but may be later adjusted if a relevant 

change in dosing is required as a result of a sudden and 

unexpected change in the condition of the patient.
14

 An ideal 

drug delivery device should also be able to adjust the drug 

release rate. Such devices may increase the efficacy of drug 

therapy since they can provide a specific release profile 

tailored to each patient’s unique physiology. MEMS-based on-

demand drug delivery devices can enable complex dosing 

schedules, deliver a cocktail of drugs and maintain drug 

stability inside their reservoirs for extended periods.
15

 

Previously, drug release from a MEMS drug delivery device 

that consisted of a drug reservoir with channels and valves was 
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achieved by electronically opening the seals or valves of the 

reservoir.
16,17

 Electrochemical and electrothermal opening of 

thin film reservoir seals was demonstrated  by Santini et al.
18-22

 

Micropumps with diaphragms have also been proposed for 

drug delivery. Lo et al. developed a manually actuated drug 

delivery pump for treatment of ocular diseases.
23

 Li et al. 

proposed an electrochemically actuated device with a 

refillable drug reservoir and a one-way Parylene check-valve.
24

 

Other micropumps with shape memory alloy or piezoelectric 

actuation have also been developed.
25

 Although most of these 

active drug delivery devices can precisely control the time of 

release and drug dosage, they need a power source and 

therefore, the size of the battery, or wireless inductive power 

module would dominate the overall device size.  

One way to overcome this challenge is to eliminate the on-

board power source from the device. Many material-based 

systems in which the release mechanism is triggered by a laser, 

near IR light, visual light or ultrasound have been proposed.26 

On-demand
TM

 therapeutics has developed a laser-activated 

device for the treatment of ocular diseases.
10

 The device has 

multiple hermetically sealed reservoirs loaded with drugs and 

it is implanted inside the eye with an intravitreal injection. 

When on-demand dosing is required, an opening is created in 

one of the reservoirs using a laser beam. Additional dosing can 

take place by puncturing the seals of other reservoirs. This 

battery-less device may control release kinetics but it should 

only be implanted in the eye where it can be accessed by a 

laser beam.  

Magnetic actuation of drug delivery micro-pump systems may 

be another solution for battery-less devices.
25,27-29

 However 

previous devices were too large for minimally invasive surgical 

procedures and would need large magnetic field gradients to 

provide magnetic actuation.  

This paper reports a new magnetic drug delivery device with a 

cylindrical geometry and a size that can be implanted through 

a needle with minimally-invasive procedures, similar to a 

brachytherapy
30

 (a procedure to implant radioactive beads 

into prostate tissue). The device has an improved actuation 

mechanism that enables actuating the device at longer 

distances between the magnet and the device than was 

reported previously.
27 

 

Design 

The device and the working principle are schematically 

illustrated in Fig. 1. As shown in Fig. 1, a rectangular magnetic 

block is made by sandwiching a layer of magnetic 

nanoparticles between PDMS layers. The block is bonded to a 

pure PDMS membrane with an aperture (100 × 100 μm
2
). The 

device also consists of a microreservoir and housing. The main 

role of the housing is to prevent biological tissues from coming 

into contact with the thin and sensitive membrane.  

When the magnetic block is placed inside a magnetic field, the 

magnetic translational force exerted on the block can be 

expressed as:
31 
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  (1)  

where   is the magnetic translational force,    is the 

permeability of free space,   is the magnetic block volume, 

  is the magnetic field strength and   is the magnetization of 

the magnetic block material. We assume that the magnetic 

field variation in the x-y plane is negligible (Fig. 2). Therefore, 

the translational force in the z direction is simplified as: 

       
   
 
   (2)  

where   is the thickness of the magnetic block and     

        is the difference in the magnetic field strength at 

the top and bottom surfaces of the magnetic block. The 

translational force in the z direction pulls the magnetic block 

towards positive field gradient and consequently deflects the 

bonded membrane. This deflection discharges the drug 

solution through the aperture. The drug enters the housing 

which also serves as a depot from which the released drug can 

diffuse to the adjacent tissues over time.  

Unlike previous magnetic PDMS membranes made by solvent 

casting methods to incorporate magnetic particles,
32

 in this 

design, the magnetic component is separated from the 

deflection membrane, so that each part can be manufactured 

separately and the following improvements can be achieved: 

 The amount of magnetic particles in the magnetic block 

can be increased since particle agglomeration in the 

magnetic block does not affect membrane-reservoir 

bonding. 

 Thicker magnetic blocks can be manufactured to 

incorporate more magnetic particles. 

 Thinner membranes can be made which require less force 

for deflection 

 A new dry embedding technique can be used to embed 

uncoated particles with larger magnetization values 

inside PDMS, eliminating the need for particle coating 

that is normally required for uniform particle dispersion 

in the PDMS matrix. 

Drug is deposited in the reservoir as a solid drug depot prior to 

filling the reservoir with bovine serum albumin (BSA) in 

phosphate buffered saline (PBS pH 7.4) solution (subsequently 

referred to as BSA solution). This model solution represents 

the interstitial fluids in the body. After filling the reservoir with 

BSA solution, a saturated drug solution is formed inside the 

reservoir some of which is released when the device is 

actuated. When the magnetic field is removed, the BSA 

solution surrounding the device refills the reservoir and forms 

a new saturated solution ready for the next release step. We 

studied and compared two types of drug, the first model drug, 

methylene blue (MB), has a high solubility in water (40 g/L) 

and the second drug, docetaxel (DTX), has a low solubility (5 

 g/ml in water and 71  g/ml in 4% w/v BSA solution). Due to 

the low solubility of DTX in water, we anticipated that the drug 

release cycle may be repeated with full maintenance of the 
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DTX concentration, until no more solid DTX is left inside the 

reservoir. 

Materials and methods 

Fabrication 

Two types of devices were fabricated in this work; a larger 

device (OD = 5 mm, ID = 3 mm, length = 12 mm) made of 

PDMS and a smaller device (OD = 2 mm, ID = 1 mm, length = 

12 mm) made using 3D printing technology (Asiga Pico). The 

larger PDMS device was used for drug release studies and the 

smaller 3D-printed device was used for a tissue implantation 

demonstration through a needle (ID = 2.16 mm). The PDMS 

device had a membrane thickness of 55 μm and the magnetic 

block was 1.5 × 5 mm
2
 with a 218 ± 20 μm thickness. The 

housing had a large opening (a 4 mm diameter hole on the 

PDMS device and a 1 × 10 mm
2
 narrow opening on the 3D-

printed device).  

The major fabrication steps of the PDMS device are shown in 

Fig. 3 and described here: Step 1: Two 3D-printed molds were 

made from Acrylonitrile Butadiene Styrene (ABS); a common 

thermoplastic material. When put together, the molds create 

the shape of a drug reservoir. PDMS (Sylgard 184 Silicone 

Elastomer, Dow Corning Corporation) was prepared with a 

mixing ratio of 10:1 pre-polymer to cross-linker. One of the 

molds was filled with PDMS and degassed for 30 minutes. The 

second mold was placed on top of the PDMS filled mold and 

pressed on it. The molds were placed in a convection oven at 

70 °C for 4 hours. After this time, the molds were detached 

from each other and the PDMS reservoir was peeled off the 

molds. Step 2: Poly(acrylic acid) (PAA) was used as a sacrificial 

layer. PAA powder (Mw=1800, Sigma-Aldrich, ON, Canada) was 

mixed with distilled water at a 20% w/v concentration. It was 

mixed and sonicated for 30 minutes and then filtered (4.5 μm 

pore size, Millipore Corporation, Ma, USA). Two pre-cleaned 

glass slides were washed with Isopropyl alcohol (IPA) and air 

dried. The glass slides were treated with air plasma for 75 s to 

enhance their hydrophilicity. Then, PAA was spun on the glass 

slides in two steps: 500 rpm for 10 s and 1000 rpm for 30 s. 

The glass slides were placed on a hot plate at 150 °C for 5 

minutes to remove water by evaporation and form the water-

soluble sacrificial layer. Step 3: The reservoir was then loaded 

with drug. Firstly, MB was used (Sigma-Aldrich, ON, Canada) as 

a model drug due to the associated high sensitivity of 

detection using UV-Vis absorbance spectrometry and clear 

visual inspection of drug release with eye.
27

 A 5% w/v solution 

of MB in water was deposited in the reservoir and the water 

content was evaporated. The amount of solid MB in the 

reservoir may be increased by repeating this cycle. DTX release 

studies were also carried out using radioactive drug. Tritium-

labeled DTX (Moravek Biochemichals Inc., Brea, CA, USA) (50 

 Ci/200  l) was mixed with unlabeled DTX in a 50% v/v 

ethanol and 50% v/v dichloromethane (DCM) solution (40 

mg/ml) and deposited inside the reservoir similar to MB 

deposition but after plasma treatment of the reservoir (i.e. 

step 5) to avoid plasma exposure of the drug. Step 4: Oxide 

nanoparticles Fe3O4 (Nanostructured and Amorphous materials 

Inc., Los Alamos, NM, USA) were purchased as a powder and 

used to make the magnetic block. The powder is 98% w/w 

pure with an average particle size of 20-30 nm. The magnetic 

block was made by embedding 2 layers of iron-oxide particles 

between 3 layers of PDMS. PDMS was spun on a PAA-coated 

glass slide (500 rpm for 10 s and 1500 rpm for 40 s) and before 

it was cured, iron-oxide particles were sprinkled on the PDMS 

layer until the glass slide was fully covered. When the first 

layer of PDMS was cured, another layer of PDMS was spun on 

top of this layer with the same spinning parameters and a 

second layer of magnetic particles was added to increase the 

weight concentration of magnetic particles in the magnetic 

film (Note: This method may be repeated several times if a 

very large magnetic force is required). Each step adds about 

100 μm thickness to the magnetic film if the same PDMS pre-

polymer to cross-linker ratio (i.e. 10:1) and spinning 

parameters are used. The final layer of the magnetic film is 

PDMS to prevent particle leaching from the film in strong 

magnetic fields. The first layer is also a smooth PDMS layer, 

allowing the magnetic block to bond to the PDMS membrane 

after surface activation by air plasma. After all layers were 

formed, the glass slide was immersed in water and the 

magnetic film was released from the glass slide. A 1.5 × 5 mm
2
 

rectangular piece (referred to as magnetic block) was cut from 

the magnetic film and a 1 mm diameter hole was punched in 

the center of the block. Step 5: PDMS was spun on a PAA-

coated glass slide (500 rpm for 10 s and 1500 rpm for 40 s) and 

cured in a convection oven at 70 °C for 4 hours. After treating 

the membrane, drug-loaded reservoir and the magnetic block 

with air plasma for 75 s at ~700 mTorr pressure, the magnetic 

block was bonded to the membrane and then, the membrane 

was bonded to the drug-loaded reservoir. The glass slide was 

immersed in water until the device was released. Step 6: The 

aperture was created by laser ablation using a Nd:YAG laser 

(Quicklaze, New Wave Research, Sunnyvale, CA). Green laser 

(532 nm wavelength) with the properties 0.6 mJ (100% high), 

laser pulses at 35 Hz and a scanning speed of 10 μm/s was 

used. Step 7: The housing was created with the same 

procedure as the reservoir (steps 1 and 2). A 4 mm diameter 

hole was punched into the housing. The reservoir and the 

housing were treated with air plasma for 75 s at 700 mTorr air 

pressure and then bonded together. The fabricated device is 

shown in Fig. 4. 

The hydrophobic nature of PDMS inhibits the initial filling of 

the device with BSA solution. The device was immersed in a 

glass vial with a 4% w/v aseptically filtered solution of BSA in 

PBS and then inside a vacuum chamber to force the solution 

into the reservoir. This enhanced the hydrophilicity of the 

membrane and the reservoir and enabled complete filling of 

the reservoir with BSA solution. The device was then placed in 

a 37 °C oven overnight to incubate. No bubbles were observed 

inside the reservoir after this step. 

The 3D-printed device was made by a similar fabrication 

process and the steps can be found in the Supplementary 

Information.† 
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Magnetic force and membrane deflection 

The magnetic field was created by a cylindrical NdFeB 

permanent magnet (K&J Magnetics, Pipersville, PA, USA) with 

a diameter of 0.5 in and a length of 0.75 in. The magnetic field 

of the permanent magnet was measured as a function of 

distance from the surface of the magnet with a Bell 

Gaussmeter (Sypris Test & Measurement, FL, USA) and the 

data is shown in the Supplementary Information.† We used a 

superconductive quantum interface device (SQUID) (Quantum 

Design, CA, USA) to measure the magnetic moment of the 

magnetic film (emu) versus the applied magnetic field (Oe) and 

the data is shown in the supplementary information.† 

Assuming that the magnetic film was in the x-y plane, the 

magnetic field was applied in z direction (perpendicular to the 

magnetic film) and the magnetism was also measured in that 

direction (i.e. Mz). Magnetization of the sample was measured 

at two different temperatures; room temperature (25 °C) and 

body temperature (37 °C), to account for the differences 

between the laboratory conditions and when the device is 

implanted in the prostate. The measured values of Mz at these 

two temperatures were very close and therefore, we used the 

magnetization values at 37 °C for all of the calculations. The 

units were converted into SI units using the density of the 

magnetic film. A stereo microscope (Olympus, MA, USA) was 

used to capture images from the magnetic block. The 

dimensions of the magnetic block were measured by the 

ImageJ image processing tool. The density of the magnetic 

block was obtained by dividing the measured weight of three 

different samples by their volume and was equal to 1.960 ± 

0.066 g/cm
3
. 

Membrane deflection was measured under various magnetic 

fields. The PDMS device was fixed on a height-adjustable 

stage. The permanent magnet was placed on a magnet holder 

and screwed to a vertical microstage (Melles Griot, NY, USA). A 

stereo microscope (Olympus, MA, USA) was aligned 

perpendicular to the axis of the magnet and parallel to the 

membrane. The distance between the magnetic block and the 

magnet and the corresponding deflection was measured by 

image processing using ImageJ software. 

 

Actuation setup 

A permanent magnet (K&J Magnetics) was positioned on a 

computer-controlled motorized stage (an Atmega328 

microcontroller on the Arduino Duemilanove board, by 

Arduino©, Italy). A device was placed in a petri dish and then 

on a height-adjustable stage above the magnet. The motorized 

magnet could move back and forth underneath the device. All 

distances were measured from the surface of the magnet to 

the magnetic block on the membrane. The petri dish was filled 

with 10 mL of 1% w/v BSA in PBS solution. At this point the 

entire device was submerged under the solution. The height of 

the stage was adjusted so that the magnetic field at the 

location of the magnetic block was in the desired range.  

An actuation interval consisted of 5 consecutive actuation 

cycles and each cycle consisted of two time constants; (a) 

release time which we define as the minimum time required 

for the release of the maximum volume of the discharged 

solution under a specific magnetic field in a single actuation, 

and (b) mixing time, defined as the minimum time required for 

the concentration of the pumped-in solution to return to its 

saturation limit after the magnetic field is removed. The 

detailed description for calculating release time and mixing 

time can be found in the Supplementary Information.† After 

each actuation interval, the solution was stirred and the 

concentration of the released MB in the BSA solution was 

measured by UV-Vis spectrophotometry at a wavelength of 

660 nm (50 BIO, Varian Medical Systems Inc., Palo Alto, CA, 

USA). For DTX release, after stirring the solution, three 

samples with different volumes (100, 200 and 400 μL) were 

collected from the solution. Each one was mixed with 5 mL of 

Cytoscint liquid scintillation fluid (Fisher Scientific, Fair Lawn, 

NJ, USA) and analyzed using a LS 6500 series, multipurpose 

scintillation counter (Beckman Coulter Inc., Brea, CA, USA). A 

standard curve that relates the radioactivity in DPM 

(disintegrations per minute) value to the amount of DTX was 

obtained by measuring different known concentrations of DTX. 

Then, the total amount of the released DTX was calculated 

based on the average DPM values of the three collected 

samples and converted to the amount of released DTX using 

the standard curve. 

 

Cell viability 

Human prostate cancer cells (PC3) were grown in DMEM 

media supplemented with 10% fetal bovine serum and 5% 

penicillin/streptomycin. Cells were plated in 96 well plates 

using 1200 cells per well. After one day, the cells were 

approximately 15% confluent. The drug solution collected from 

a PDMS device actuation (25 consecutive actuation intervals in 

a 135.7 mT magnetic field) was measured for docetaxel and 

found to have a theoretical amount of 6 µg/ml. This solution 

was diluted down in cell media to 600 ng/ml as a high drug 

concentration and then serial diluted to low nanogram per ml 

levels in media. Cells were incubated with 200 µl of each drug 

solution (n=6 per drug concentration) for 2 days. The media 

was then removed and cell viability was determined using a 

nonradioactive cell proliferation MTS assay (Promega, WI, 

USA) which monitors cellular activity by the mitochondrial 

conversion of tetrazolium to formazen at 490 nm using a plate 

reader. 

 

Tissue implantation 

The possibility of implantation through a needle and device 

operation inside the tissue was investigated by a qualitative ex 

vivo study using porcine bladder tissue. Porcine bladder tissue 

(thickness approximately 5mm) was sliced into small pieces. 

Tissue slices were fresh (less than 4 hours from sacrifice) and 

kept inside a physiological solution (Tyrode’s buffer pH = 7.4). 

A two inch long gauge 12 (ID = 2.16 mm, OD = 2.77 mm) 

reusable blunt-tip dispensing needle (McMaster-Carr, Aurora, 

OH, USA) was used to implant the devices into the tissue. The 

tissue was first pierced with a sharp-tip hypodermic needle 
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followed by the insertion of blunt-tip needles for device 

implantation. 

For DTX release experiment inside the tissue, a small docetaxel 

loaded device was inserted into the tissue. The tissue was 

bathed in Tyrode’s buffer and actuated for a number of times. 

The device was then removed and excess liquid was removed 

from the tissue. The tissue was then dissolved in tissue 

solubilizer (Solvabal, Perkin Elmer, USA) overnight and counted 

for radioactivity. The amount of docetaxel in the tissue was 

then determined using a calibration graph of known amounts 

of radiolabelled docetaxel against radioactive counts.  

Results and discussion 

Force and deflection 

The saturation magnetization of the magnetic block (Ms) is 

35.4 emu/g using a 40 kOe magnetic field. The typical 

magnetization of the particles is 63 emu/g (factory data). 

Assuming that PDMS has a negligible contribution to the 

magnetization of the composite, the weight percentage of the 

magnetic content inside the magnetic block is 56.2%. 

Compared to solvent casting methods, previously fabricated 

magnetic PDMS composite had a maximum 32% w/w of 

magnetic content using coated iron-oxide particles.
32

 

Therefore the new fabrication technique enables the creation 

of a magnetic composite that generates 75% more magnetic 

force using the same magnetic particles and under the same 

magnetic field. Moreover, unlike a solvent casting technique, 

the new fabrication technique embeds layers of dry magnetic 

particles inside PDMS and therefore it does not require 

particle coating. The absence of surfactant means there would 

be more room for magnetic content in a given volume of 

particles (98% w/w iron-oxide content in the particles used in 

this study compared to 80% w/w iron-oxide content in the 

particles used in the previously fabricated PDMS composite 

from our group32
), resulting in a further increase in the 

magnitude of a magnetic force.  

In the previously fabricated drug delivery device from our 

team14
 where a magnetic PDMS membrane was created by 

uniform dispersion of magnetic particles in the PDMS matrix 

using solvent-casting techniques, there was a trade-off 

between the degree of magnetic force and deflection because 

magnetic PDMS generated force and deflection 

simultaneously. A large magnetic force could be generated by 

increasing the weight concentration of magnetic particles in 

the PDMS, but this could have led to particle agglomeration 

and therefore a non-uniform thickness membrane incapable of 

making a leakage-free seal with the reservoir. Therefore, the 

only way to increase the amount of magnetic force was to 

increase the thickness of the membrane to accommodate 

more particles. However, a thicker membrane required larger 

forces for deflection due to the increased bending modulus. As 

a result of this limitation, large magnetic field gradients were 

required to provide ample displacements of the membrane. 

Such strong field gradients only exist in close proximity to an 

external magnet and therefore, the device could only be 

implanted close to the surface of the body where it could be 

actuated by placing a magnet at a close range. Therefore, 

although that device was a good candidate for the treatment 

of diabetic retinopathy,
27

 where it could be placed at the back 

of the eye, it was not a good candidate for the treatment of 

prostate cancer, where the implantation site dictates a longer 

distance between the magnet and the device. In other words, 

the new device is designed for prostate implantation and 

actuation where magnetic actuation may be compromised by 

the internal location (distance to magnet). 

The magnetic force can be calculated from (2). The calculated 

magnetic forces were used as body loads on a magnetic block 

in a COMSOL model to simulate membrane deflection. The 

elastic modulus for Sylgard 184 PDMS with a mixing ratio of 

10:1 pre-polymer to cross-linker has been previously reported 

at 1.8 MPa.
34,35

 PDMS Poisson’s ratio was reported at 0.5 in 

the literature.
36,37

 In our simulations we used the value 0.45 

for Poisson’s ratio.
38

 Simulated and experimental membrane 

deflection results are demonstrated in Fig. 5. 

Further simulations showed that for a device with a constant 

diameter, the thickness of the walls have a direct impact on 

the deflection of the membrane. As the thickness of the walls 

decrease, the unclamped membrane area increases which 

facilitates larger deformations under the same magnetic field. 

However, from a fabrication point of view, thin-wall devices 

are harder to make and they are prone to wall deformations 

under physical loads. This consideration is especially important 

for the 3D-printed devices, which could experience unknown 

physical loads after implantation.  

 

MB controlled release 

MB was used as a pilot model drug to study release from the 

device under magnetic actuation. MB has a very high solubility 

in water (40 g/L) so it was expected that the drug would 

rapidly deplete from the reservoir after a few actuations, 

resulting in a decline in the amount of released MB following 

consecutive actuations. In order to avoid this and to make the 

device’s release rate as consistent as possible, MB-loaded 

devices were actuated in low magnetic fields (32.9 mT), to 

minimize the amount of released MB and to ensure that solid 

MB lasted in the device for longer periods. 

Fig. 6(a) shows the cumulative release profile of the MB from 

the device for the period of three days and the average release 

rate of MB per actuation interval. Each actuation interval 

consisted of 5 consecutive actuation cycles, and each cycle 

consisted of a 50 s actuation time and a 200 s relaxation time. 

The waiting time between each actuation interval was 60 

minutes and drug diffusion was also measured during this time 

and depicted in the cumulative release diagram. 

The device had an average MB release rate of 27.61 ± 0.79  g 

per actuation interval in a 32.9 mT magnetic field. The small 

standard deviation compared to the average release rate 

highlights the consistency of the released MB rate. The leakage 

of MB from the aperture (i.e. background diffusion) for the 

same duration of one actuation interval was 1.42 ± 0.16 μg 
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which is almost 20 times smaller than the average release rate 

during the actuation period (Fig. 6(b)). 

 

DTX controlled release 

In contrast to MB, DTX has a very low solubility in water (5 

μg/ml). The drug is used clinically as an antiproliferative agent 

and is widely used in chemotherapy.  The drug is cytotoxic to 

prostate cancer cells at nanomolar concentrations 

(approximately 1-100 nM)
39,40

 which makes it an ideal drug 

candidate for this device because even when low amounts of 

drug are released per cycle and diluted with interstitial fluid 

outside the device, effective drug concentrations may be 

achieved locally. The device was actuated in a 135.7 mT 

magnetic field over a period of 11 days. The cumulative DTX 

release profile is shown in (Fig. 6(c)). The device went through 

five actuation intervals per day. The actuation cycle was 50 s 

release time with a 200 s mixing time. Drug release rates in 

each actuation interval were averaged from the measured 

DPM (radioactive disintegrations per minute) values of three 

samples with different volumes. These values of the samples 

were always more than 100 times larger than control 

(background) levels. Moreover, the DPM values of the samples 

were linearly proportional to the volume of the collected 

samples, indicating a quantitative level of reliability for the 

measurements. 

The average release rate of DTX in a 135.7 mT magnetic field 

was 353 ± 36 ng per actuation interval. The amount of 

released DTX after 11 days was  17 μg, accounting for only 2% 

of the initial deposited solid DTX in the reservoir. Therefore, a 

device with 800 μg of deposited DTX should theoretically have 

enough drug as a depot to release over 1.5 years in a 135.7 mT 

magnetic field with the same actuation parameters used in this 

study.  

The role of the housing is to prevent tissues from touching the 

PDMS membrane, however it is important to have a leakage-

free seal between the membrane and the reservoir to 

minimize drug background diffusion. It has been shown that 

plasma surface activation and bonding techniques can provide 

effective seals on PDMS surfaces.
41

 In this work, we used 

plasma bonding techniques and the background diffusion of 

docetaxel was 4.8 ± 0.3 ng for the same duration of one 

actuation interval (see Fig. 6(c)), well below 353 ng of drug 

release per actuation interval. We anticipate that the majority 

of the background diffusion comes from the aperture. Further 

studies focusing on background diffusion from the device is 

needed to fully characterize the seal quality. 

DTX release rate was also measured under different magnetic 

fields to investigate the effect of magnetic field on drug 

release rate. As shown in Fig. 6(d), normalized DTX release 

rates are in agreement with the normalized displaced volume 

caused by membrane deflection. 

In comparison to the previously fabricated device from our 

team27 
where the circular membrane geometry maximized the 

possible membrane deflection and therefore the volume of 

released drug, we had to compromise the geometry of the 

membrane described here due to the required shape of the 

device. Although the displaced volume is not the maximum 

volume that can be achieved by the circular membrane area, 

we still managed to release comparable amounts of drug from 

this device (same membrane area under the same magnetic 

fields) due to the improved actuation mechanism. 

 

Cell viability 

Prostate cancer cells responded well to the drug released from 

the device. Cell death (reduction in cell proliferation or cell 

viability) began at around 75 ng/ml and then increased 

strongly up to 600 ng/ml as shown in Fig. 7. These data 

confirms that the device releases active drug. The 

antiproliferative activity of docetaxel which is known to occur 

in the low nanomolar concentration range, is in broad 

agreement with the results shown here. 

 

Tissue implantation 

Two 3D-printed MB-loaded devices were filled with 4% w/v 

BSA solution and implanted in two separate bladder tissue 

slices. After implantation, the tissue slices were washed with 

Tyrode’s solution and placed in a petri dish. The petri dish was 

filled with Tyrode’s solution until the tissue was submerged, 

then placed on the height-adjustable stage. One of the devices 

was actuated for 2 hours in a 206.3 mT magnetic field (10s 

on/10s off cycles). The other device was used as a control with 

no actuation. After 2 hours, both tissue slices were cut open 

and inspected for released MB. 

Fig. 8(a) shows the implantation of the device with a blunt tip 

needle (gauge 12). The released MB in the actuated sample 

and the control sample are shown in Fig. 8(b) and Fig. 8(c) 

respectively. Qualitatively, the released MB from the actuated 

device is clearly noticeable while the non-actuated device has 

no signs of released MB.  

Repeated studies demonstrated high levels of docetaxel were 

released and partitioned into the bladder tissue. However, in 

order to overcome drug detection sensitivity issues, it was 

necessary to actuate the device for extended periods (15 

minutes). Under such conditions the amount of docetaxel 

recovered from bladder tissue was 870 ng. The tissue weighed 

approximately 1 gram and had a volume of approximately 1 ml 

so this represents a tissue concentration of close to 1 µg/ml. 

Since docetaxel released from these devices has been shown 

to be active and to kill human prostate cancer (PC3) cells in 

vitro at 75 ng/ml (Fig. 7), these drug concentrations represent 

clinically relevant cytotoxic tissue levels using just one 15 

minute actuation protocol. Interestingly, the local docetaxel 

tissue concentrations around the device were probably 

considerably higher because it was unlikely that the drug 

would have diffused throughout the entire 1 gram of tissue in 

15 minutes. Since the devices will be located close to tumor 

foci in vivo under ultrasound guidance, this feature offers a 

further likelihood of an effective anticancer action in a clinical 

setting. It was not possible to measure tissue concentrations 

as a function of actuation number because at protocols longer 

than 15 minutes it is likely that the high local docetaxel 

concentrations around the device inhibit effective docetaxel 
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pumping due to the generation of a changing drug gradient 

towards the device. In practice these devices would be used 

for shorter actuation time periods than 15 minutes to allow 

effective drug partitioning into the tissue and some diffusion 

through the surrounding tissue. 

There have been some reports of uncured oligomer and long-

term immune responses to PDMS surfaces in vivo.
42-44

 Such 

effects were not studied in this work. However, it should be 

remembered that these membranes are small and thin so the 

total amount of uncured oligomer in such a small mass of 

PDMS would likely be very small. Also the proposed location of 

the implant is close to tumor tissue so that any minor toxicity 

arising from non-biocompatibility issues would not be 

problematic considering the fact that the purpose of the 

device is to release drugs that kill prostate cancer cells. 

Strategies to improve biocompatibility of PDMS surfaces such 

as surface modification have been studied extensively.
45,46

 One 

plausible solution may be to combine PDMS with 

biocompatible hydrogels.
47,48

 However, further studies are 

required to improve the PDMS biocompatibility. 

Conclusion 

In this work we have demonstrated the design and fabrication 

of a magnetically-actuated and minimally-invasive drug 

delivery device and presented proof-of-concept controlled 

release studies. The device is capable of providing defined 

doses of docetaxel. The proposed implantation method of this 

device is similar to radioactive seed implantation used in 

brachytherapy, where the convenience of implantation 

enables the patient to return to his daily activities after a few 

days while avoiding complications that could have occurred by 

the alternative invasive surgery. We expect that the fine-tuned 

and localized dosing of DTX would add to the efficacy of drug 

therapy. Therefore, this device may be used to complement 

the active surveillance strategy (i.e. a prostate cancer 

management strategy for the earliest stages of tumor, in which 

no treatment is undertaken until signs of cancer progression 

are observed) in order to treat or slow down cancer 

progression. After device implantation, the exact position of 

the device may be mapped by x-ray or ultrasound. Then an 

electromagnet can be inserted through the patient’s rectum 

and adjacent to his prostate. By adjusting the current passing 

through the electromagnet, a specific magnetic field gradient 

can be created at the location of the device and actuate it. 

Compared with previous devices from our group
14

, the new 

design and new fabrication technique enabled a magnetic 

composite with a higher concentration of magnetic particles. 

This led to an increased magnetic force generated in the same 

magnetic field compared to the previously fabricated magnetic 

PDMS composite and enabled the possibility of creating a 

thinner membrane that can create larger deformations under 

a given load. These two factors enabled the device to be 

actuated at a longer distance from the magnet. This, together 

with the possibility of device implantation through a needle, 

opens up new minimally-invasive treatment applications by 

implanting the device deeper inside the body. Moreover, due 

to the small size of the device, we anticipate that more than 

one device can be implanted in a small area such as prostate 

and deliver a more uniformly distributed drug load to the 

tissue. 

Membrane deflection of the PDMS device was simulated and 

experimentally verified under various magnetic fields. The 

device has a consistent release rate of 353 ± 36 ng per 

actuation interval under a 135.7 mT magnetic field for DTX. 

Device implantation into porcine bladder tissue through a 

needle was also demonstrated. After implantation the device 

operated successfully inside the tissue. 
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Figures 

 

  
  

Fig. 1 Conceptual diagram of the proposed minimally-invasive drug delivery 
device showing (a) device components, (b) device under no magnetic field 
and (c) actuated device under an applied magnetic field. 
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Fig. 2 Schematic illustration of the cross section of a device actuated 
using a permanent magnet. 
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Fig. 3 Fabrication steps of the PDMS device. 
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Fig. 4 (a) SEM image of the fabricated PDMS device (without housing), (b) 
close-up SEM views of the aperture on the membrane and (c) 3D-printed 
device (without housing). 
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Fig. 5 Deflection of the membrane (a) simulated deflection in a 92.9 mT 
field, (b) actual deflection in 424 mT, 206.3 mT and 111.8 mT magnetic fields 
and (c) comparison between simulation and experimental results. The error 
bars represent one standard deviation from the measured values. 
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Fig. 6 Controlled release of MB and DTX from the device, (a) cumulative MB 
release profile over 3 days in a 32.9 mT magnetic field, (b) average MB 
release rate per actuation interval in a 32.9 mT magnetic field, (c) 
cumulative DTX release profile over 11 days in a 135.7 mT magnetic field. 
Background diffusion for the same duration of one actuation interval is 
measured as 4.8 ± 0.3 ng. (d) the effect of magnetic field strength on DTX 
release rates. 

Page 14 of 17RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



RSC Advances  Paper 

This journal is © The Royal Society of Chemistry 20xx RSC Adv., 2013, 00, 1-16 | 15  

Please do not adjust margins 

Please do not adjust margins 

 
  

Fig. 7 Viability of prostate PC3 cells after incubation with drug release media 
from the device. 
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Fig. 8 (a) Device implantation in porcine bladder tissue with a gauge 12 
needle, (b) actuated device showing released MB after two hours of 
actuation in a 206.3 mT magnetic field and (c) control sample with no 
actuation after two hours. 
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Graphical Abstract 

A cylindrical magnetically-actuated MEMS drug delivery device, implanted through a needle for localized prostate cancer treatment is 

proposed. 
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