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Abstract. This paper describes the construction of three dimensional
(3D) encapsulation devices in large numbers, using a novel self-
assembling strategy characterized by high mechanical stability, con-
trolled porosity, extreme miniaturization, high reproducibility and
the possibility of integrating sensing and actuating electromechan-
ical modules. We demonstrated encapsulation of microbeads and
cells within the containers, thereby demonstrating one possible ap-
plication in cell encapsulation therapy. Magnetic resonance (MR)
images of the containers in fluidic media suggest radio frequency
(RF) shielding and a susceptibility effect, providing characteristic
hypointensity within the container, thereby allowing the containers
to be easily detected. This demonstration is the first step toward the
design of 3D, micropatterned, non-invasively trackable, encapsula-
tion devices.
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1. Introduction

In recent years, advances in regenerative medicine have
inspired therapies targeted at the cellular level. For ex-
ample, a wide range of cell lines have been enclosed
within semi permeable and biocompatible immobilization
devices that control cell release and the bidirectional diffu-
sion of molecules (Lanza et al., 1996; Orive et al., 2002).
Transplanted cells have been used to secrete hormones
(O’Shea and Sun, 1986), neurotransmitters (Aebischer
et al., 1991), growth/inhibition factors (Sagot et al., 1995)
and for gene therapy (Pizzorusso et al., 1997). Cellular
transplantation has also been suggested as a way to over-
come acute human organ shortage. Concurrent advances
in microtechnology have impacted medicine, as new im-
plantable devices, microarrays, nanoporous biocapsules
and microprobes are developed. In addition to cellular
encapsulation, these devices have facilitated on-demand
drug release and early diagnosis of diseases (Desai et al.,
1997; Santini et al., 1999; Kost and Langer, 2001; Leoni
and Desai, 2004; Lesinski et al., 2005). In contrast to poly-

meric, hydrogel and sol-gel based processes that have been
used for encapsulation and delivery (Lim and Sun, 1980;
Chang, 2005), conventional silicon (Si) based microfab-
rication has high reproducibility and stability. Si based
devices also have the capacity to integrate electronic and
optical modules that can be used for sensing, tracking
and actuation. However Si based microfabrication is prin-
cipally a two dimensional (2D) process (Madou, 2002),
hence three dimensional (3D) micropatterned devices re-
main largely unexplored. A 3D micropatterned device has
several advantages over its 2D counterpart—a larger sur-
face area to volume ratio, thereby maximizing interac-
tions with the surrounding medium and providing space
to mount different electromechanical modules, and a finite
volume allowing encapsulation of functional elements. We
report on a strategy to construct 3D micropatterned devices
for cellular encapsulation, using self-assembly.

2. Design of the 3D Micropatterned Encap-
sulation Devices

The 3D encapsulation devices described here are hollow
containers with linear dimensions of 200 µm. As com-
pared to smaller or larger sized devices, the 200 µm size
provides the maximum encapsulation volume while still
allowing the diffusion of oxygen and nutrients to the cells.
It is known that if cells are more than 150–200 µm away
from the nearest blood vessel, the environment becomes
hypoxic (Thomlinson and Gray, 1955). In principle, the
fabrication strategy would work on smaller or larger size
scales in the design of containers for other applications.

The containers were designed as copper (Cu) based
microelectronic devices that function as radio frequency
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(RF) shields to facilitate their detection using magnetic
resonance imaging (MRI). The surfaces of the containers
were patterned with microscale perforations to demon-
strate controlled porosity. The dimension of the pores were
orders of magnitude smaller than the wavelength of the os-
cillating magnetic field in the MRI scanner operating at
500 MHz and hence had no adverse effect on the shield-
ing. The thickness of the surfaces of the container were de-
signed to be larger than the conductor skin depth (δ) at the
frequency of the radiation (Tsaliovich, 1999), resulting in
low conductor resistance and ensuring that eddy currents
persist long enough to maintain shielding during the time
of image acquisition. The skin depth of Cu at 500 MHz is
2.9 µm (Kittel, 1996), hence, we designed containers to
have frames with thickness ranging from 7–15 µm.

In addition to the diamagnetic Cu containers, we also
fabricated ferromagnetic nickel (Ni) containers to inves-
tigate the effect of magnetic susceptibility on the MR im-

ages of the container. Magnetic field distortions resulting
from the differences in magnetic susceptibility between an
object and its surrounding medium cause a loss of phase
coherence in the magnetization of the sample. Since the
magnetic susceptibility of Cu is comparable to that of wa-
ter, while that of Ni is orders of magnitude higher than
that of water, a more pronounced distortion was expected
for Ni containers in aqueous media (Bartels et al., 2001).

3. Microfabrication and Self-Assembly

We used microfabrication and surface tension driven self-
assembly (Terfort et al., 1997; Harsh et al., 1999; Hui
et al., 2000; Gracias et al., 2002) to fabricate and fold a
2D precursor into a 3D hollow structure. The fabrication
process involved three steps: (1) patterning the surfaces
on the 2D precursor (2) patterning hinges between the
surfaces, and (3) self-assembly of the 2D precursor (Fig-
ure 1). It is possible to pattern the surfaces of the precursor
using most microfabrication processes including lithogra-
phy, thin film deposition, etching and ion implantation.

Fig. 1. The process flow used to fabricate the containers. (A–B) A
15 nm layer of Cr followed by a 100 nm thick layer of Cu were
evaporated on top of a 5 µm thick sacrificial layer of polymethyl
methacrylate (PMMA) that was spun on a Si wafer. The Cr layer
functions as an adhesive promoter while the Cu layer functions as a
conductive seed layer for subsequent electrodeposition. (C) After thin
film deposition, the substrate was patterned using photolithography on
the photoresist Shipley SPR220 (Rohm and Haas, www.rohmhaas.com).
The photomask used to pattern the resist was a transparency mask with
six 200 µm squares spaced 20 µm apart. After photolithography,
electrodeposition was used to build pattern the metallic surfaces of the
container in the photoresist mold up to a height of 7–15 µm, using
commercial electrolytic solutions (Technic, Inc, www.technic.com)
containing the metal ions of choice (Cu or Ni and Au). The Au was used
to protect the Cu surface from subsequent etching steps and render it
inert. (D) A second photolithography step was used to align the hinges
to the square faces. The hinge mask consisted of wider hinges
(50 × 160 µm2) at the interfaces of adjacent squares and narrower
hinges (25 × 160 µm2) at the edges of the squares. After
photolithography and prior to hinge electrodeposition, the exposed Cu
and Cr in the area of the hinges were etched using commercial etchants
(Technic, Inc, www.technic.com). (E) Pure tin (m.p. 232 ◦C) or tin/lead
(Sn/Pb: m.p. 183 ◦C) solder was then electroplated in the hinge
regions. (F–G) After hinge deposition, the seed layers were etched and
the 2D precursor precursors were released from the wafer on
immersion in a solution of N-Methyl Pyrrolidone. (H) Approximately
50 precursors were then scattered in a small crystallizing dish using a
pipette. A very thin layer of #5RMA flux, (Indium Corporation,
www.indium.com, to dissolve any oxide formed on the solder) was
poured into the dish. The dish was then heated to 100 ◦C for a 2–3 min
and then ramped up to 250 ◦C–300 ◦C for 20 sec. Because of the low
volume of flux, the agitation was sufficient to correct for defects in the
folding but not large enough to cause the precursors to collide into
each other and become fused. The molten solder generated the force to
fold the 2D precursors into 3D containers. On cooling, the containers
were permanently held together by solid solder hinges.
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Fig. 2. (A) Optical image showing a collection of biocontainers. (B-D)
Optical and Scanning electron microscopy (SEM) images at different
stages of the fabrication process: (B) the 2D precursor with
electrodeposited surfaces, (C) the precursor with surfaces and hinges,
and (D) the self-assembled biocontainer.

We used thin film deposition, photolithography and elec-
trodeposition on a sacrificial layer to pattern single and
multiple perforations on the surfaces of the precursor. In
a second layer of photoresist, hinges were patterned on
the edges of the surfaces. The hinge width between ad-
jacent surfaces was twice the hinge width at the edges
so that all hinged joints had equal solder volume upon
self-assembly. The solder volume was critical to ensure
a folding angle of 90 ◦ (Syms et al., 2003). The 2D pre-
cursors were then lifted off the wafer by dissolution of
the sacrificial layer. The containers self-assembled when
the precursors were heated above the melting point of the
solder, wherein the liquid solder with high surface tension
generated the force required to assemble adjacent surfaces.
The fabrication strategy allows a large number of devices
to be constructed in a single process run (Figure 2(A)).
Figure 2 (B)–(D) shows optical and SEM images of the
micropatterned containers at different stages of the pro-
cess: the 2D precursor with electrodeposited surfaces, the
precursor with surfaces and hinges, and the self-assembled
container.

4. Cell Encapsulation

In order to demonstrate encapsulation, open faced cubic
containers (Figure 3(A)) were used solely for easy visu-
alization of the contents during encapsulation and release.
For other applications, it may be desirable to use this strat-
egy to construct containers with selectively sealed or mi-
cro/nano perforated surfaces, and fabricate more complex,

polyhedral structures with rounded vertices. We loaded
containers with microbeads (Figure 3(B)) since many cel-
lular delivery techniques employ microbeads with cells
adhered to their surface. A suspension of the beads in
ethanol was pipetted onto the container. When the ethanol
evaporated, the beads were held together by van der Waals
forces. The glass beads could be released by pulsatile ag-
itation of the container. MDA-MB-231 (Cailleau et al.,
1974) breast cancer cells, in an extracellular matrix (ECM)
suspension, were also loaded into a container. The cancer
cells are representative of rapidly proliferating cells and
immortalized cells such as βTC3 cells used in diabetes
therapy, and stem cells used in regeneration. First, a sus-
pension of 5% agarose gel was micropipetted (60 µm tip)
into the container using a stereotactic manipulator. The gel
adhered to the sides of the container thereby sealing the
surfaces and leaving a void in the center. The cell-ECM
suspension at 4 ◦C was then microinjected into this void,
and subsequently gelled at 37 ◦C. The cells were stained
with the fluorescent dye, Calcein-AM (Sigma-Aldrich),
(Figure 3(C)), which stains positively for live cells. The
cells were viable within the container even in the absence
of cell culture medium and could be released by immer-
sion and agitation of the container in a warm cell cul-
ture medium (Figure 3(D)). We envision that such cellu-
lar encapsulation and release can be used in regenerative
medicine and in placing inocula in animal models for can-
cer. If the microcontainers are used in vivo, special care
will be necessary to ensure their biocompatibility. Apart
from any issues with toxicity, biofouling and the forma-
tion of fibrotic tissue around the implant can limit their
utility in the body (Rihova, 2000; Walczak et al., 2005).
The containers used in this demonstration had a thin gold
coating on the interior surfaces to provide bio-inertness.
The biocompatibility of the micontainers can be further
enhanced by precisely controlling the materials used, sur-
face chemistry and shape. One such approach would be
to coat the entire self-assembled 3D microcontainer with
a layer of an inert metal (by electrodeposition), oxide (by
chemical vapour deposition) or a polymer (by immersion
or vapor coating) (Rihova, 2000; Johnston et al., 2005).
The surface of noble metals can also be readily modi-
fied using a variety of self-assembled organic monolay-
ers that are designed to reduce non-specific adsorption of
proteins and subsequent biofilm formation (Ostuni et al.,
2001).

5. MR Detection and Tracking

We demonstrated non-invasive detection of the contain-
ers by embedding them in 5% agarose gel and imaging
them with MRI in a 500 MHz vertical bore Bruker Avance
microimaging system. Figure 4 shows MR images of a
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Fig. 3. (A) SEM image of (A) a hollow, open surfaced, biocontainer,
and (B) a device loaded with glass microbeads. (C) Fluorescence
microscopy images of a biocontainer loaded with cell-ECM-agarose
with the cell viability stain, Calcein-AM. (D) Release of viable cells
from the biocontainer.

900 µm diameter capillary containing a Cu (Figure 4(A))
and a Ni (Figure 4(B)) container embedded in agarose
gel. For the images shown here, we used a 3D FLASH
sequence with the echo time (TE) in the range of 4–
6 ms, a repetition time (TR) of 50 ms, flip-angle of 30 ◦,
and a spatial resolution of 25 µm × 25 µm × 20 µm.
We observe a characteristic signature for both the Cu
and the Ni containers—there is a pronounced darkness
in the region of each container. The hypointense signa-
tures have been observed before in MRI of larger cen-
timeter scale metallic coils (Shenhav and Azhari, 2004).
While the region of hypointensity in the MR image was
comparable to the size of the non-magnetic Cu container,
it was much larger for the ferromagnetic Ni container
due to a pronounced susceptibility effect (Schueler et al.,

Fig. 4. MR images of an open faced (A) non-magnetic Cu container and (B) ferromagnetic Ni container. (C–D) Finite element simulation results of
the near magnetic field in the region of a Cu container, in the (C) xy and (D) yz central planes. The magnetic field distortions and the shielding effect
caused by the wire frame are evident.

1999). We observe a characteristic hypointense signa-
ture irrespective of the pattern on the surfaces of the
container.

To demonstrate RF shielding in the Cu containers, the
near magnetic field response in the vicinity of the container
was simulated using a finite element electromagnetic sim-
ulation package, FEKO (EM Software & Systems-SA Ltd,
www.feko.info/). A full-wave method of moments ap-
proach was used to simulate the near magnetic field in
the region of a 200 µm wire frame with wire segments of
8 µm radius, assuming perfect electric conductors coated
with copper (conductivity = 5.813 × 107 S · m−1). The
simulation of the cubical wire frame model was performed
with a linear polarized plane wave excitation at 500 MHz;
we used an excitation source of 1 V/m incident on the wire
frame, with E in the z direction and H in the y direction.
The copper wire frame was assigned a relative permeabil-
ity of 1, thereby simulating only the RF shielding effect
and not the susceptibility effects. Figure 4(C)–(D) shows
the near magnetic field response in both the x-y and the
y-z central planes.

We tracked the containers spatio-temporally in flow
through an S-shaped 500 µm diameter fluidic channel.
The channel was fabricated by molding poly dimethyl
siloxane (PDMS) in an SU-8 photoresist mold that was
patterned using photolithography. The channel was sealed
with a second, flat, oxygen plasma treated PDMS layer.
Polyethylene tubes were connected to the inlet and outlet
ports of the channel, the channel was flushed with silicone
oil and the container was introduced into the channel. Un-
der pressure driven flow, the container progressed through
the channel and was imaged at different positions (Fig-
ure 5). The sequence of MR images were acquired with a
2D RARE sequence with TE = 42 ms, TR = 1077 ms, and
a spatial resolution of 50 µm × 50 µm × 500 µm. This
ready trackability with MRI, at short echo times, without
the need for a contrast agent, highlights a major advan-
tage of the encapsulation device as compared to existing
systems.
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Fig. 5. MR tracking of a container in a fluidic channel. MR images of the container at different time points taken under pressure driven flow of the
fluid.

6. Concluding Remarks

In conclusion, we have demonstrated a strategy that can
be used to fabricate 3D, arbitrarily micropatternable, non-
invasively trackable containers that allow selective perfu-
sion between its content and the surrounding medium. The
perforations on the surfaces of our devices are microsized,
due to the fact that we have used microlithography to pat-
tern the 2D templates. If nanoscale patterning techniques
are used instead to pattern the 2D templates, it will be
possible to pattern nanoporous faces, thereby generating
3D nanoporous containers that will allow highly selective
bidirectional diffusion of molecules. We envision the use
of several nanoscale patterning techniques including con-
ventional nano lithography (Wallraff and Hinsberg, 1999)
and novel methods that include selective etching, electro-
chemical etching and soft-lithography (Sinha et al., 2004;
Gates et al., 2005).

Since the fabrication strategy described here is com-
patible with conventional 2D microfabrication, it may be
possible to add electromechanical modules for remote ac-
tivation, wireless communication, signal processing, and
biosensing to the surfaces of the containers to enable med-
ical diagnostics and therapeutics. We also envision that
these 3D containers that function as small Faraday cages
will find utility in other applications requiring electromag-
netic shielding in small volumes.
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