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doses. [ 12 ]  For example, Retisert implants are small polymeric 
tubes designed to release fl uocinolone acetonide, a corticos-
teroid for treating PU, over 3 years. Despite improving visual 
acuity of the patients, these implants show some side effects 
such as increased intraocular pressure and cataract progres-
sion. [ 13 ]  The I-vation (SurModics, Eden Prairie, MN) implant 
consists of a titanium helical coil coated with erodible fi lms 
fi lled with triamcinolone acetonide to target diabetic macular 
edema (DME). [ 14 ]  The main disadvantages of both implants 
include the initial surgery, as well as the removal surgery in 
case of adverse response or rejection of the implanted body. [ 15 ]  
Other implants such as Iluvien (pSivida) overcome the incon-
venience of initial surgery. This implant is a small non-erodible 
polyimide tube that also contains fl uocinolone acetonide. [ 16 ]  
Despite being sutureless injectable, once the tube is inserted, 
it is diffi cult to position precisely in the eye, and, in case of 
adverse reaction, surgery may be unavoidable. 

 Microrobots are proposed as implantable devices that can 
be controlled wirelessly and may, in the future, perform tasks 
such as targeted drug delivery, remote diagnostics, and mini-
mally invasive surgery. [ 17–19 ]  They can be operated in areas of 
the body that are currently diffi cult to access and precisely 
controlled beyond the limits of human dexterity. Development 
of these devices requires a co-ordination between diverse dis-
ciplines such as control systems, biomaterials, and microsys-
tems. Due to the unfavorable scaling of energy sources at the 
microscale, power transmission to microrobots is one of the 
primary challenges. [ 20 ]  The most favorable strategy would be to 
design these robots to harvest energy from their surroundings. 
Magnetic manipulation has emerged as a promising method in 
this regard because magnetic fi elds are capable of penetrating 
most materials with minimal interaction, and are nearly harm-
less to human beings. Magnetic fi elds have been successfully 
used to wirelessly manipulate microdevices of various sizes and 
shapes. [ 21,22 ]  

 In this paper, we present an implantable magnetic tubular 
microrobot for use in targeted drug delivery and minimally 
invasive surgery at the posterior segment of the eye. The 
tubular shape is preferred because it maximizes the volume of 
magnetic material that can fi t into a 23-gauge needle and ena-
bles sutureless injections into the eye. Fabrication of tubular 
microstructures has been extensively investigated for several 
applications such as drug delivery, biosensing, microfl uidics, 
and 3D cell microreactors. [ 23 ]  Fabrication methods include 
rolling-up processes, [ 24 ]  template-assisted atomic layer depo-
sition, [ 25 ]  spin forming, [ 26 ]  or water-jet cutting. [ 27 ]  However, 
these methods are either time consuming or do not produce 
the desired geometries of required dimensions. In contrast, 

  Retinal pathologies such as posterior uveitis (PU), age-related 
macular degeneration (AMD), or retinal vein occlusion (RVO) 
are among the leading causes of irreversible vision loss in 
elder adults. [ 1 ]  Current strategies to treat these diseases include 
topical administration of drugs, intravitreal injections, laser 
surgery, or photodynamic therapy. [ 2 ]  The effi cacy of topically 
administered drops or ointments to the eye is poor due to 
their rapid excretion by lachrymal fl uids before any substantial 
intraocular penetration can occur. [ 3 ]  Moreover, drug delivery at 
the posterior segment of the eye using this approach is ham-
pered by the presence of multiple physiological barriers. [ 4,5 ]  
Alternatively, intravitreal injections of drugs offer some advan-
tages over topical administration, but they require regular doses 
leading to patient discomfort and side effects such as endoph-
thalmitis, retinal detachment, hemorrhage, and infection. [ 1,3 ]  
Laser surgery is another type of therapy used and consists of 
inducing local coagulation of abnormal leaky blood vessels. 
However, this treatment entails collateral damage to adjacent 
neurosensory retina. [ 2 ]  In contrast, photodynamic therapy is 
less harmful than laser surgery since it uses low light intensi-
ties. This treatment involves the injection of a photosensitizing 
agent intravenously. The drug is photochemically excited at 
the retinal vessels, thus triggering the blood-clotting cascade 
locally. [ 6 ]  However, drugs used in this therapy are reported to 
cause some adverse effects. [ 7 ]  All the above-mentioned methods 
are invasive, time consuming, and they are only applicable in 
the early stages of the disease. 

 Progress in micro- and nanotechnology has extensively con-
tributed to the development of new strategies to mitigate the 
drawbacks displayed by current ocular therapies. [ 8–10 ]  The use 
of nanoparticles, gels, drug-eluting contact lenses, and min-
iaturized implantable devices has been reported. [ 11 ]  Indeed, 
recent years have seen advanced clinical trials and even com-
mercialization of intravitreal implants such as Retisert (Bausch 
Lomb, Rochester, NY, USA) or the ones manufactured by Sur-
Modics, Inc (Eden Prairie, MN). Due to their proximity to the 
target area, these implants use a lower therapeutic load, which 
reduces the possibility of harmful side effects. Also, they are 
capable of sustained release of the drug over a long period 
of time, which minimizes the need for frequently repeated 
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tunability in shape, size, and chemical composition. [ 28 ]  More-
over, ED is compatible with other micro and nanofabrication 
processes such as photolithography, replica molding, and col-
loidal lithography. [ 29 ]  For example, electrodeposited nickel 
has been used to fabricate microrobots that can be wirelessly 
maneuvered in 3D space with a high degree of precision using 
magnetic fi elds. Wireless intraocular oxygen sensing has been 
demonstrated with this approach. [ 30 ]  

 In order to create tubular magnetic implants with relatively 
large amount of magnetic material, and controllable dimen-
sions, we have developed an electrochemical method based 
on electroforming. This method is widely used in industry to 
manufacture complex macroscale shapes and surfaces. [ 31 ]  The 
microtube was fabricated by electroforming galvanostatically 
cobalt–nickel (CoNi) on an aluminum wire as a sacrifi cial man-
drel coated with a gold seed layer. A custom setup was designed 
(Figure S1, Supporting Information), and the fabrication steps 
are shown in  Figure    1  a. Smooth surface fi nishing was obtained 
with pulse deposition, while direct current deposition led to 
non-uniform pitted deposits (see Figure S3, Supporting Infor-
mation). After the deposition, the aluminum wire was selec-
tively etched to form a hollow lumen. Figure  1 b,c show a CoNi 
tube and its cross-section with outer and inner diameters of 
300 and 125 µm, respectively. The coating consists of 60% Co 
and exhibited a mixture of face-centered cubic, hexagonal-close-
packed and amorphous structures (see Supporting Informa-
tion). Using the same technology, microrobots with a sharp 
tip were also fabricated by electroforming CoNi on stainless 
steel needles at the same conditions (Figure  1 d). The size of 
the devices was optimized for ophthalmic applications.  Figure    2   

shows the microrobots on a chorioallantoic membrane (CAM) 
of a developing chicken embryo, in a 23-gauge-needle tip and 
on the fi ngertip. Despite cobalt and nickel being resistant to 
severe corrosive environments, [ 32 ]  their ionic forms are reported 
to cause retinal cytotoxicity in trace concentrations. [ 33 ]  To 
ensure their biocompatibility, the tubular implants were con-
formally coated by electropolymerization of polypyrrole (Ppy)–
dodecylbenzenesulfonate (DBS) fi lms (see Figure S4c and S4d, 
Supporting Information). We have recently shown that these 
Ppy coatings can be electrochemically modifi ed to attenuate 
biofouling and cell adhesion. [ 34 ]    

 The CoNi tubes exhibited soft ferromagnetic behavior 
( Figure    3  a) as can be seen from the hysteresis loops, and they 
were compared to commercially available hard ferromagnetic 
NdFeB cylinders, and stainless steel needles. CoNi cylinders 
showed the highest saturation magnetization and the lowest 
coercivity  H  c . In general, for a binary alloy forming a solid solu-
tion, the dependence of its saturation magnetization ( M  S ) on its 
composition is unpredictable. [ 35 ]  However, for our CoNi cylin-
ders, one could consider that  M  S  varies linearly with the weight 
percent  x  of each element and is given by

    M x M x M= +S,CoNi Ni S,Ni Co S,Co   (1)    

 As  M  S,Co  = 1.79 T and  M  S,Ni  = 0.61 T, then  M  S, CoNi  ≈ 1.3 T, 
which is confi rmed experimentally. Stainless steel is used 
widely for medical tools and devices due to its biocompatibility, 
durability, and strength. The stainless steel needles showed 
lower  M  S  and higher  H  c  with respect to CoNi. NdFeB cylinders 
showed values of magnetization closer to  M  S  for CoNi, and also 
high remanent magnetization and  H  c . For wireless magnetic 
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 Figure 1.    a) 1) Fabrication steps of magnetic microtubes starting with sacrifi cial aluminum wire; 2) palladization; 3) electroless gold plating; 4) lacquer 
spacers; 5) CoNi electroforming; 6) removal of the lacquer and selective etching of the sacrifi cial wire. b) CoNi microtube. c) SEM image of a CoNi 
tube. d) Electroformed CoNi on a stainless steel microneedle.
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manipulation, CoNi and NdFeB are among the best options 
due to their magnetic properties. If the applied magnetic fi eld 
strength is lower than 3 × 10 4  A m −1 , NdFeB can provide pref-
erable magnetization characteristics. CoNi exhibits the highest 
 M  S  and requires low magnetic fi elds to reach saturation. 

However, CoNi has superior durability and biocompatibility 
compared with NdFeB, [ 36 ]  making it more attractive for medical 
applications. 

 To test their maneuverability, the CoNi microtubes 
were actuated with the OctoMag system, which enables 
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 Figure 2.    a) CoNi microtube on a chorioallantoic membranes (CAM) of a developing chicken embryo. b–d) CoNi stainless steel microneedle on a CAM, 
fi tted in a 23-gauge needle, and on the tip of a fi nger, respectively.

 Figure 3.    a) VSM measurements of magnetic cylinders. b) CoNi microtube steered along a vein in a porcine eye. c) Puncture sequence of a blood 
vessel in a chicken embryo and d) applied puncture forces, respectively.
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of a fully untethered microrobot (3-DOF position and 2-DOF 
pointing orientation). [ 21 ]  Equations related to maneuvering soft 
ferromagnetic bodies can be found in the Supporting Infor-
mation. CoNi microtubes with outer and inner diameters of 
350 µm and 250 µm, respectively, and a length of 3.4 mm were 
prepared to test their control and steering with magnetic fi elds. 
The microtubes were fi rst examined in silicon oil. Figure S5a,b 
(Supporting Information) show a microtube moving in a plane 
along the  X – Y  axes, and rotating around the  Y -axes out of 
plane. Both experiments were performed with a fi eld magni-
tude of 40 mT and a magnetic fi eld gradient of 500 mT m −1  The 
resulting magnetization of the tubes under this fi eld was cal-
culated to be  M  = 1.186 T. The applied force was calculated as 
7.54 × 10 −5  N. Next, the microtubes were examined in porcine 
eyes. In Figure  3 b, the photo sequence of a CoNi tube steered 
along a vein in a porcine eye is shown (see video in Supporting 
Information). The vein is marked with a black line. The stain-
less steel needles coated with CoNi were manipulated to per-
form puncture experiments in veins of CAMs of developing 
chicken embryos. Ophthalmologists have used these CAMs as 
a model system for studying photodynamic therapy and ocular 
angiogenesis. [ 37 ]  Figure  3 c,d depict, respectively, a puncture 
sequence and a plot of the applied force with respect to time 
corresponding to the sequence. The dots, from left to right, 
illustrate the applied force at each photo step (see video in 
Supporting Information). The offset force applied at the begin-
ning maintains the microrobot at a stable position. Additional 

experiments manipulating vessels are provided as videos in the 
Supporting Information. 

 To evaluate the ability of intravitreal operations in vivo 
mobility experiments were conducted with the microtubes in 
rabbits eyes. New Zealand white rabbit breed (9-month-old 
females) was chosen for this study. The rabbit was anesthetized 
and its head was placed inside the workspace of the OctoMag, 
such that the studied eye is located in its center, as illustrated 
in  Figure    4  a. A microrobot was injected with a 23-gauge needle 
into the central vitreous humor of the eye and monitored with 
an ophthalmoscope with integrated camera. Magnetic tor-
ques and forces were applied to the intraocular microrobot 
and its rotational and translational mobility was analyzed for 
numerous frequencies and magnetic fi eld magnitudes. It was 
observed that the intravitreal microrobot followed the applied 
rotating magnetic fi eld with a time delay. The time delay 
between the rotating fi eld and the microrobot is caused by the 
high viscosity of the vitreous humor, which acts as a damper 
on the microrobot. Figure  4 b depicts the rotation of a micro-
robot around three axes at a fi eld rotational frequency of 1 Hz 
in the vitreous humor of a living rabbit eye. A complete in vivo 
analysis of the microrobot’s mobility and manipulability was 
conducted by Ullrich et al. [ 38 ]  In vivo experiments in lapine eyes 
have demonstrated the wireless control of microrobots inside 
the vitreous. These experiments show the potential of this tech-
nology for applications in minimally invasive surgery.  

 Preliminary drug release studies were also conducted with 
the CoNi microtubes. An ideal drug delivery system (DDS) 
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 Figure 4.    a) Rotation of a microrobot around three axes at a fi eld rotational frequency of 1 Hz in the vitreous humor of a living rabbit eye. b) Anesthe-
tized New Zealand rabbit with a microrobot inside the vitreous humor. c) Filling procedure of the microtubes. d) Release study of six microtubes over 
a period of 42 d. The error bars indicate the standard deviation.
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delivers medication exclusively to the targeted part of the body 
in a programmable and controllable manner, thus limiting 
side effects due to systemic exposure. In this way, smaller drug 
quantities can be delivered more effi ciently. [ 37 ]  A non-erodible 
device, like the one presented here, acts as a “matrix” system, 
where diffusion of the drug can be controlled by the size of 
the device and the chemistry of the drug formulation. [ 39–41 ]  
However, fi lling the micron-sized tubes poses the challenge 
of loading them effi ciently. As a proof of concept, we designed 
a method to load the microtubes using capillary forces. The 
microtubes were mounted in a custom setup and, by means of a 
micromanipulator, were positioned accurately until the base of 
the tube contacted the drug-containing solution (see Figure  4 c). 
A video showing the fi lling procedure is provided as S9 (Sup-
porting Information). This method minimizes the adsorption 
of fi lling material on the outer walls of the tube. Rhodamine B 
(Rh-B) was used as a model drug to fi ll the microtubes. Rh-B is 
a hydrophobic dye that has been used previously as a test mol-
ecule in intraocular dynamics. [ 42 ]  Gelatin, a translucent, color-
less solid substance, derived from collagen, and often used for 
drug delivery applications, [ 43,44 ]  was employed as a degradable 
matrix to evaluate the loading and release of Rh-B from the 
microtubes. Figure  4 d illustrates the release curve for a period 
of over a month. No signifi cant release was observed after 42 d 
and the release was calculated to be 92%. The total loading of 
Rh-B inside the microtubes was determined as 5 × 10 −8  g. 

 Magnetic microtubes are promising implantable devices not 
only for ophthalmic drug delivery at the posterior segment of 
the eye, but also for targeting other diseases in confi ned spaces 
of the human body. Many groups of body organs such as the 
circulatory or the brain systems have the potential to benefi t 
from the technology considered in this manuscript.  

  Experimental Section 
  Electroforming of the CoNi Microtubes : CoNi cylinders were 

electroformed on a rotating sacrifi cial seed wire of aluminum 
(Goodfellow) with a Gamry potentiostat/galvanostat (Reference 3000). 
The electrolyte composition can be found in Table S2 (Supporting 
Information). A custom setup was constructed enabling deposition on a 
wire length of 83 mm. The wire was held on one side with a metal chuck 
(Albrecht) and a pull-spring on the other end to maintain constant 
tension. The counter electrode was a 83 mm × 30 mm sulfurized nickel 
sheet. CoNi was pulse plated galvanostatically with a current density 
of −70 mA cm −2  and a duty cycle of 50% with  t  ON  =  t  OFF  = 500 ms. 
Throughout the entire deposition, the wire was rotated at 100 rpm by a 
DC motor. The electrolyte overfl owed from the sides and was collected in 
a second tank, fi ltered, and circulated back to the deposition tank with a 
peristaltic pump (Verdefl ex S40). The composition of the electrolyte and 
the plating conditions can be found in the Supporting Information. Prior 
to the electrodeposition, the aluminum wire was rinsed sequentially 
in acetone, isopropanol, and Millipore Milli-Q water for 1–2 min each. 
In order to remove the native aluminum oxide layer, the wire was 
immersed in a KOH solution (100 mL, 2.5 g L −1 ) at 70 °C for 1 min. The 
aluminum surface was activated by dipping the wire for 1 min at room 
temperature in a solution containing palladium(II) chloride (0.5 g L −1 ) 
and hydrochloric acid (1 mL L −1  of HCl 35%). Subsequently, the wire was 
immersed in a cyanide-based electroless gold solution (Transene Inc.) 
for 20 min at 90 °C. Microrobots with a sharp tip were fabricated with 
the setup mentioned earlier and CoNi was electroformed on a stainless 
steel needle. The needles were connected to the chuck and immersed 

in the electrolyte. Prior to the deposition, the needles were sequentially 
rinsed with acetone, isopropanol, Millipore Milli-Q water, and the tip 
was covered with a lacquer drop to avoid deposition at the sharp tip. All 
electrodeposition parameters were the same as for the aluminum wire 
and CoNi was electrodeposited on stainless steel needles. 

  Coatings for CoNi Cylinders : Ppy was electrodeposited from a 
three-electrode single-compartment cell using a Ag/AgCl reference 
electrode and a platinized titanium counter electrode. Prior to the 
electrodeposition, the Au-coated CoNi cylinders were cleaned by 
sequentially washing with acetone, isopropyl alcohol, and Millipore 
Milli-Q water. A current density of 1 mA cm −2  was applied using the 
Gamry Reference 3000. The electrolyte consisted of doubly distilled 
pyrrole monomer (0.1 mol L −1 ) and sodium dodecylbenzenesulfonate 
(0.1 mol L −1 ). All experiments were carried out in a nitrogen atmosphere 
and under quiescent conditions at room temperature. 

  Characterization : The morphology of the microstructures was 
observed by optical microscopy and SEM in a Zeiss Ultra 55. The 
composition was determined by energy-dispersive X-ray spectroscopy 
(EDX). The structure of the CoNi was obtained by X-ray diffraction (XRD) 
using a Philips X’Pert diffractometer using the Cu-Kα radiation in the 
30–70° 2 θ  range (0.03° step size, 10 s holding time). Room-temperature 
magnetic hysteresis curves of samples were recorded in a Princeton 
Measurement Corp. MicroMag 3900 vibrating sample magnetometer to 
a maximum applied magnetic fi eld of 1 T. 

  Manipulation : The microtubes were actuated with the OctoMag, [ 21 ]  
a fi ve-degree-of-freedom electromagnetic system with stationary 
electromagnets and soft magnetic cores, operated within their linear 
magnetization region. The microtubes were examined in silicon oil 
(Wacker, AK 1000), in ex vivo porcine eyes and in vivo lapine eyes. The 
porcine eyes were purchased from a local abattoir. They were stored at 
5 °C and were used within 5 h. The eyes were fi xed to a rubber support, 
and their cornea, iris, and lens were carefully removed to expose the 
vitreous humor (Figure S7, Supporting Information). Transscleral 
illumination through the optic nerve region was applied for high contrast 
imaging. The experiments were conducted with the vitreous humor in 
the eye globe. The magnetic microneedles were manipulated in CAMs 
of developing chicken embryos prepared as described in ref.  [ 45 ]  More 
detailed CAM preparation can be found in the Supporting Information. 
In vivo mobility experiments were conducted with New Zealand white 
rabbit breed, 9-month-old females. The rabbit was anesthetized and its 
head was placed inside the workspace of the OctoMag. The protocols 
concerning animal housing, treatment, and monitoring were approved 
by the Swiss Veterinary Offi ce according to the Swiss decree on 
animal protection. [ 46 ]  This study was undertaken in cooperation with 
ophthalmologists from the University Hospital Bern and the Veterinary 
Hospital Zurich. 

  Drug Release Studies with CoNi Microtubes : A solution containing 
625 mg L −1  of Rh-B and 24 g L −1  of gelatin was prepared and six 
microtubes with an inner diameter of 125 µm and a length of 3 mm 
were fi lled. Figure  4 c illustrates the fi lling procedure of the microtubes. 
The microtubes were subsequently cooled at 5 °C for 6 h to solidify 
the gelatin. In vitro release of Rh-B was monitored by evaluating the 
fl uorescence intensity (TECAN infi nite 200 plate reader, Switzerland) at 
the emission wavelength of 625 nm (excitation wavelength, 540 nm). 
Each cylinder was placed in a separate well with 250 µL of Millipore 
Milli-Q water in a six-well transparent multiwall plate. The laser beam 
height was adjusted in order to measure at the center of the solution 
and multiple measurements were taken for each well. At defi ned times, 
measurements were taken and Millipore Milli-Q water was replaced with 
fresh solution in order to mimic a perfect sink solution. The total loading 
of Rh-B inside the tube was determined from two microtubes, which 
were fi lled without solidifying the gelatin and, immediately dissolving 
them after fi lling.  

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