Biomed Microdevices (2009) 11:915–924
DOI 10.1007/s10544-009-9308-6

Flexible microfluidic devices supported by biodegradable
insertion scaffolds for convection-enhanced neural
drug delivery
Conor P. Foley & Nozomi Nishimura & Keith B. Neeves &
Chris B. Schaffer & William L. Olbricht

Published online: 8 April 2009
# Springer Science + Business Media, LLC 2009

Abstract Convection enhanced delivery (CED) can improve the spatial distribution of drugs delivered directly to
the brain. In CED, drugs are infused locally into tissue
through a needle or catheter inserted into brain parenchyma.
Transport of the infused material is dominated by convection, which enhances drug penetration into tissue compared
with diffusion mediated delivery. We have fabricated and
characterized an implantable microfluidic device for chronic convection enhanced delivery protocols. The device
consists of a flexible parylene-C microfluidic channel that
is supported during its insertion into tissue by a biodegradable poly(DL-lactide-co-glycolide) scaffold. The scaffold is
designed to enable tissue penetration and then erode over
time, leaving only the flexible channel implanted in the
tissue. The device was able to reproducibly inject fluid into
neural tissue in acute experiments with final infusate
distributions that closely approximate delivery from an
ideal point source. This system shows promise as a tool for
chronic CED protocols.
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1 Introduction
Convection enhanced delivery (CED) is a promising new
technique for treating neurological disorders. In CED drugs
are infused directly into tissue through a needle or catheter
(Bobo et al. 1994). This technique circumvents the blood
brain barrier and can achieve high local concentrations of
drug with fewer side effects than with systemic delivery.
Because many agents delivered directly to the brain are
subject to rapid elimination from the interstitial space via
permeation through the capillaries or metabolism within
brain tissue (Haller and Saltzman 1998), drugs delivered by
diffusion from polymer implants or bolus injections are
often only able to penetrate a small distance, typically 1–
3 mm from the implant (Walter et al. 1994; Krewson and
Saltzman 1996). Since drug transport in CED is driven by
an imposed pressure gradient rather than by diffusion along
a concentration gradient, drugs can penetrate farther into
tissue from the delivery site. Many compounds have been
delivered in both animal and human experiments using
CED. For example, infusions of small molecules (Bobo et
al. 1994; Lonser et al. 1999; Groothuis et al. 1999), proteins
(Laske et al. 1997; Lieberman et al. 1995, Lonser et al.
2002), growth factors (Hamilton et al. 2001; Yang et al.
2002), and nucleotides (Groothuis et al. 2000) have been
examined in animals, and chemotherapy drugs (Mardor et
al. 2001; Lidar et al. 2004), proteins (Kunwar et al. 2007;
Sampson et al. 2003; Weber et al. 2003), and viral vectors
(Worgall et al. 2008; Ren et al. 2003) have been
administered in humans.
However, current CED protocols that use standard
needles and catheters are not suitable for chronic applications for several reasons, including complications associated with tissue damage upon insertion, backflow of infusate
along the needle path, occlusion of the needle tip by tissue,
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and the tissue’s foreign body response to the needle.
Microfabricated devices offer many potential advantages
over standard needles. Primarily, their small size reduces
tissue damage upon insertion (Szarowski et al. 2003) and
inhibits backflow (Morrison et al. 1999). Also, it is possible
to locate the fluidic outlet away from the leading edge of
the device to reduce occlusion of the fluidic channel.
Furthermore, with current microfabrication technology it is
possible to create devices with features that are not
available in standard needles, e.g. recording and stimulating
electrodes, chemical and mechanical sensors that could
allow the device to respond to changes in the tissue
environment, and multi-channel fluidics for delivering different compounds in a controlled regimen (Neeves et al. 2007).
Several researchers have created microfluidic silicon
probes for use in the brain. Although these devices
moderate backflow and reduce the initial tissue damage
due to insertion (Chen et al. 1997; Rathnasingham et al.
2004; Neeves et al. 2006), they may not be particularly well
suited for chronic implantation as the brittle nature of
silicon increases the risk of a probe breaking inside the
tissue. In addition, silicon probes have been found to cause
a significant foreign body response (Szarowski et al. 2003;
Turner et al. 1999). Studies have suggested that a flexible
implant may elicit a reduced foreign body response
compared to a rigid device by reducing the mechanical
mismatch between the implant and the tissue (Rousche et
al. 2001; Subbaroyan et al. 2005; Kim et al. 2004).
Researchers have shown that flexible catheters perform
better than rigid catheters in chronic infusion studies in rats.
Guarnieri et al. examined the effect of rigid and flexible
catheters on the delivery of carboplatin and doxorubicin in
both healthy and disease challenged rat brains, and found
that the drug distributions delivered by the flexible catheters
more closely approximated the theoretical ideal distribution
from a point source than the distributions delivered by rigid
catheters (Guarnieri et al. 2005). They hypothesize that this
difference is caused by micro-tearing in the area around
rigid catheters due to relative motion between the brain and
the implant. Micro-tearing can create a high permeability
path for fluid to escape the intended delivery area. Flexible
catheters may be able move with the brain, thus eliminating
micro-tearing and maintaining the close contact between
the device and the tissue required for controlled delivery.
This suggests that in treatments that use CED for chronic
applications, flexible catheters could outperform traditional
rigid devices. The feasibility of long term CED protocols
has already been examined in clinical trials. A phase I trial
examining the effect of year-long infusions of GDNF in
Parkinson patients found that there were significant
increases in dopamine storage in the putamen as a result
of the treatment (Gill et al. 2003). However, subsequent
phase II trials failed to replicate the success of that study
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(Lang et al. 2006). To determine why this trial failed,
Salvatore and coworkers infused GDNF into the putamen
of Rhesus monkeys for 7 days, and concluded that the trial
had not been successful because the infusate localized
around the tip of the catheter and did not distribute widely
in the tissue (Salvatore et al. 2006). This result may be due
to micro-tearing of the tissue around the implanted device.
The use of a more flexible infusion catheter may reduce
these problems and improve the efficacy of the treatment.
Treatment for the highly aggressive brain tumor glioblastoma multiforme also may benefit from the application
of chronic CED protocols. This is an infiltrative tumor with
cells that migrate away from the main tumor mass into
healthy tissue (Holland 2000). In this case, CED is used to
infuse chemotherapeutics into the tissue after the main
tumor has been resected (Vogelbaum et al. 2007). It is also
used as a xenograft model to test the effectiveness of new
drugs under development (Saito et al. 2006; Krauze et al.
2007; Yamashita et al. 2007). In both of these cases, it
would be useful to be able to deliver drugs repeatedly,
based on tumor growth, at exactly the same location. It is
very difficult to reinsert a needle or catheter for repeated
applications of a drug at precisely the same location in
tissue for a variety of reasons. Even if this were achieved,
each insertion leaves a needle track that affects subsequent
infusions. A chronically implantable device such as the one
presented here is well-suited for repeated CED therapy.
Although flexible polymer microfluidic devices may
demonstrate better long-term biocompatibility than silicon
probes, their low rigidity makes them difficult to insert into
tissue. To create chronic drug delivery implants that
combine the desirable traits of small size and low rigidity,
we constructed flexible parylene microfluidic devices
supported by rigid scaffolds composed of poly(DL-lactideco-glycolide) (PLGA, a biodegradable polyester). These
scaffolds brace the flexible parylene device during insertion, but then degrade to leave the fluidic device in place in
the tissue. Parylene was used for the microfluidic probe
because it has many desirable characteristics. It has
excellent dielectric properties (making it suitable for
insulating electronics on the devices), it can be deposited
using chemical vapor deposition (CVD) in uniform and
consistent layers, and it is biologically compatible (meeting
FDA class VI requirements). PLGA products are widely
used in biomedical engineering applications as resorbable
sutures (Chu 1982), orthopedic implants (Athanasiou et al.
1996), microspheres for controlled drug delivery (Cohen et
al. 1991), and tissue engineering scaffolds (Mooney et al.
1996). PLGA structures are generally formed in two ways:
through solvent removal techniques (Vozzi et al. 2003) and
through thermal embossing, where the polymer is heated
above its glass transition temperature and formed into the
appropriate shape (King et al. 2004; Yang et al. 2005). In
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this work the flexible microfluidic devices were constructed
using top-down microfabrication techniques on a silicon
wafer, and the degradable scaffolds were formed by hotembossing the PLGA in a poly(dimethysiloxane) (PDMS)
mold.
It has been found that PLGA structures display sizedependent degradation; larger structures undergo bulk
degradation and smaller devices display only surface
erosion (Grayson et al. 2005). As our scaffolds are close
to the reported cut-off size that delineates bulk degradation
and surface erosion, we examined the in vitro degradation
time of the PLGA supports to determine how they degrade.
We found that the scaffolds degrade with the manufacturer’s reported degradation time, which suggests that they
undergo bulk degradation.
The performance of the microfluidic devices was
examined through infusions of dye into agarose gel brain
phantoms and acute injections into the striatum of C57BL/6
mice. The devices were capable of penetrating tissue and
delivering fluid in a controlled and reproducible way.

Coating Systems, Indianapolis IN). This layer formed the
base of the fluidic device. Next, photoresist (Shipley 1045)
was spun on the wafer to a depth of 11 μm (the intended
height of the channels). This layer of photoresist was then
patterned using contact lithography. The remaining photoresist defined the inside of the channels. A second 8 μm
thick film of parylene-C was then deposited to form the top
of the microfluidic device. Next, a 150 nm thick aluminum
etch mask was deposited via e-beam evaporation (Mark 50
E-beam evaporation system, CHA Industries, Fremont CA).
This mask was then patterned with a second photolithography step, and the exposed aluminum was removed via a
wet-etch. An oxygen RIE (PlasmaLab 80+ RIE system,
Oxford Instruments, Oxfordshire, UK) was then used to
etch through the parylene to the silicon wafer, which
defined the device body and opened the ends of the
channels. Finally, the photoresist inside the channels was
dissolved in acetone. The probes could then be easily
peeled from the wafer to form free-standing parylene
microfluidic devices.
2.2 Biodegradable insertion scaffolds

2 Materials and methods
2.1 Parylene microfluidic devices
The flexible parylene devices were produced on a silicon
wafer using standard MEMS fabrication techniques. A
schematic of the fabrication procedure is shown in Fig. 1(a).
A CF4 plasma was used to roughen the surface of a
clean 100 mm single side polished silicon wafer before an
8 μm thick layer of parylene-C was deposited using
chemical vapor deposition (PDS 2010 LabCoter, Specialty
Fig. 1 Fabrication schematic
for (a) flexible parylene microfluidic devices and, (b) PLGA
insertion scaffolds

The PLGA insertion scaffolds were formed by hotembossing PLGA granules in a poly(dimethylsiloxane)
(PDMS) mold. To make the master mold, a silicon wafer
was patterned using photolithography and selectively
etched using a Bosch DRIE process (Unaxis SLR 770) to
a depth of 200 μm. This wafer was then silanized with
tridecaflouro – 1,2,2 tetrahydrooctyl trichlorosilane before
the PDMS mold was cast to prevent the mold from bonding
to the master. To cast the PDMS mold, PDMS base and
curing agent (Sylgard 184 silicone elastomer kit, Dow

(a)

(b)
Coat silicon wafer
with Parylene-C

Fill mold with
PLGA granules

Spin photoresist to height
of channels, and pattern
Deposit second layer
of Parylene-C

Deposit and
pattern aluminum
etch mask
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Corning, Midland MI) were mixed in a 10:1 weight ratio,
and the mixture was thoroughly degassed. The mixture was
then poured over the silicon master and cured at 70°C for
3 h. When the mold had cured, it could be peeled from the
master and used for hot-embossing.
The scaffolds were formed using a method similar to that
demonstrated by Yang et al (Yang et al. 2005). A schematic
of the hot embossing procedure is shown in Fig. 1(b).
Granules of PLGA (5050 DL 3.5A, Lakeshore Biomaterials, Birmingham AL) were placed on the mold and a
second piece of non-patterned PDMS was placed on top.
This sandwich was placed in a laboratory press with heated
platens, heated to 150–160°C and pressed at approximately
3.5 MPa for 5–10 min. The assembly was cooled to below
the glass transition temperature of the PLGA by circulating
water through the platens. The sandwich was then
disassembled, and the finished PLGA scaffolds could be
cleanly removed from the mold.

was allowed to air dry for at least 15 min to ensure that all
residual dichloromethane had evaporated, and thereby
mitigate any negative biological effects that the dichloromethane treatment may cause. To allow the device to be
inserted smoothly and reproducibly, the body of the
scaffold/probe assembly was attached via double-sided
adhesive tape to a custom made Delran block which was
mounted on a micromanipulator.
This scaffold/microfluidic assembly was tested in a 0.6%
wt/v agarose gel to verify that the scaffolds could penetrate
tissue and that the microfluidic channels remained patent.
The 0.6% wt/v agarose gel has similar mechanical properties
as neural tissue, and is often used as a tissue phantom for in
vitro device characterization (Chen et al. 2004). To examine
the effect of dichloromethane treatment on the performance
of the channels, the flow rates obtained for various driving
pressures (6.9, 17.2, 34.5, 68.9, and 103.4 kPa) were
compared before and after dichloromethane treatment.

2.3 Device assembly and in vitro characterization

2.4 PLGA scaffold degradation studies

To connect the microfluidic device to external tubing, one
of the probe shanks was inserted into a 7 cm length of
PEEK tubing (150 μm ID, 360 μm OD) (Upchurch
Scientific, Oak Harbor WA) and sealed in place using a
two-part epoxy (Epoxy 907, Miller-Stephenson, Danbury
CT). The other end of the PEEK tubing was glued into the
end of a borosilicate micropipette (1 mm OD, 0.58 mm ID)
(World Precision Instruments Inc., Sarasota FL) using more
epoxy. The parylene probe and PEEK tubing were fully
primed under vacuum with the fluid to be infused; then the
micropipette was backfilled using a syringe with a 28 gauge
MicroFil needle tip (World Precision Instruments Inc.). The
micropipette served as the fluidic reservoir for the parylene
device. The proximal end of the glass micropipette was
connected to a programmable pressure injector (PM8000,
World Precision Instruments Inc.) using a micro-electrode
holder. To infuse fluid using the parylene device, a constant
pressure was applied to the fluidic reservoir in the
micropipette via the pressure injector. The volumetric flow
rate and infusion volume were determined by measuring the
motion of the fluid meniscus in the lumen of the
micropipette (speed and distance travelled, respectively).
To attach the microfluidic device to the insertion scaffold
a small drop (~15 μl) of 5-min epoxy (Devcon, Danvers
MA) was placed on the body of the scaffold and the primed
microfluidic device was carefully laid on top under a
stereoscope. The cured epoxy coupled the body of the
scaffold to the body of the parylene device, leaving the
shanks aligned but not connected. The shanks were then
sealed together by briefly dipping them in dichloromethane.
This treatment removes the highly permeable fluidic track
between the two parts of the system. The device assembly

In vitro degradation studies were carried out to determine the
degradation time of the insertion scaffolds. PLGA scaffolds
were weighed and placed in 50 mM HEPES buffer
containing 10 mM KCl and 0.1% wt/v NaN3 (pH 7.4) and
incubated at 37°C. Samples were removed every third day,
washed, lyophilized and examined for gravimetric weight
loss and molecular weight loss using GPC. The pH of the
buffer was monitored and replaced with fresh buffer if the
acidic degradation products caused the pH to drop below 7.3.
2.5 Acute in vivo infusions
Five male C57BL/6 mice weighing between 22 and 25 g
were anesthetized by an intraperitoneal injection of ketamine/xylazine (0.1 mg/10 g mouse ketamine, 0.1 mg/10 g
mouse xylazine). Animals were then secured in a stereotaxic frame, and an incision was made in the skin along the
dorsal midline of the skull. A small craniotomy (3 mm
diameter) was made over the left side of the exposed skull
using a dental drill. The probe and attached scaffold were
implanted using a micromanipulator 0.5 mm anterior,
2.5 mm lateral, and 3 mm deep from bregma. The device
was then left for 2 min to allow the tissue to equilibrate
before starting the infusion. Evan's Blue dye (2% wt/v in
phosphate buffered saline) was infused using a starting
infusion pressure of 0.69 kPa, and the infusion pressure was
increased at a rate of 0.69 kPa/30 s to the final infusion
pressure of 3.45 kPa. After 1 μl of dye had been injected,
the infusion was stopped. The probe was left in the tissue
for 2 min before being removed. The animal was removed
from the stereotaxic frame and immediately sacrificed via
cardiac injection of urethane. The brain was then promptly
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extracted and frozen on dry ice. The frozen brain was
sectioned into 20 μm thick slices on a cryostat and every
third slice was retained for imaging. All procedures were
carried out in accordance with the Cornell University
Institutional Animal Care and Use Committee guidelines
and regulations.
2.6 Image analysis
Tissue slices were imaged using a stereoscope and CCD
camera. The captured RGB image files were analyzed using
ImageJ software (NIH, Bethesda MD) and a custom macro.
The macro adjusted the contrast of the image, and split the
RGB image into its constituent colors. The macro then took
the red channel of the image and converted the image to
binary where the area stained with Evan’s Blue dye was
black, and the rest of the image was white. The threshold
for this operation was determined by the ImageJ “getAutoThreshold” function which uses the Isodata algorithm
(Abramoff et al. 2004). Next, noise was removed from
image with a 3×3 pixel median filter. Finally, the area of
the black pixels was summed to get the area of the Evan’s
Blue spot. The volume of distribution of the dye was
calculated by summing the areas of distribution in each
slice and multiplying the total by three times the slice
thickness (to account for discarded sections).

3 Results
3.1 Parylene probes and insertion scaffolds
The parylene microfluidic devices had an overall length of
10.3 mm and a 2 mm wide body for ease of handling. The
insertable shank was 150 μm wide and 3.225 mm long
(Fig. 2(a)). The devices were very flexible, and not rigid
enough to penetrate tissue unaided. The microfluidic fluidic
channel was 11.4 μm high, 50 μm wide, and had two
openings at the inlet and outlet of the device to minimize
occlusion (Fig. 2(b)).
The hot embossing technique was capable of rapidly
producing highly uniform insertion scaffolds. The scaffolds
were measured under an optical microscope and were
slightly larger (< 10%) than the original silicon master,
probably because of thermal expansion of the PDMS mold
during the embossing process. Scanning electron micrographs of the scaffold shank and tip are shown in Fig. 3.
3.2 In vitro performance
The fluidic devices were easily inserted into agarose gel
phantoms. Also, the dichloromethane treatment used to seal
the shanks of the scaffold and parylene device together had

Fig. 2 (a) Whitelight image showing finished parylene microfluidic
devices before they are removed from the silicon wafer. (b) Scanning
electron micrograph of the tip of the flexible parylene device. Note the
two channel openings. Scale bar is 50 μm

no effect on the flow characteristics of the device. We
infused dye solutions into the brain phantoms with
negligible backflow, and the observed distributions closely
approximated the spherical distribution of an ideal point
source. Figure 4 shows the results of an infusion of green
food dye into a 0.6% wt/v agarose gel brain phantom at a
flow rate of approximately 0.1 μl/min.
3.3 PLGA scaffold degradation study
The scaffolds used in the degradation study had an average
initial weight of 2.37±0.41 mg. The gravimetric weight loss
as a function of time in the degradation buffer is shown in
Fig. 5(a). Figure 5(b) shows the molecular weight loss as a
function of time and represents the extent of hydrolysis in
the polyester backbone of the scaffolds. The gravimetric
weight loss is a representation of the rate that the oligomers
formed by hydroloysis of the PLGA backbone escape from
the bulk of the structure. The scaffolds were almost 100%
degraded after 27 days, but were observed to be swollen
and had no rigidity after only 15–18 days. This was
comparable with the manufacturer’s reported time (3–
4 weeks), and indicates that these scaffolds are large
enough to undergo bulk degradation rather than surface
erosion.
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The volume of distribution (Vd) of the infusate was
5.17 ± 0.36 mm3 (n=5). Figure 6 shows an example of a
brain section showing the distribution of Evan’s Blue and
the corresponding binary image that was used to determine
the area of dye distribution in the section. Figure 7 shows a
plot of the average area of the dye distribution in a section
as a function of the square of the distance from the infusion
site. For each replicate, the infusion site was defined as the
tissue slice that showed the most extensive device insertion
track, and the distance of any particular slice from the
central axis of the infusion was calculated from the known
thickness of the brain sections (20 μm). If the dye
distribution volume can be represented as a body of
revolution around an axis in the anterioposterior (AP)
direction, the data presented in Fig. 7 should fall on a
straight line (Neeves et al. 2007). If the distribution were a

(a)

Fig. 3 Scanning electron micrographs showing the (a) insertable
shank of the PLGA scaffold, and (b) the tip of the scaffold. Note the
striations on the side of the device in (b). These are artifacts of the
deep silicon etch used to define the master

3.4 In vivo performance
The parylene devices were used to infuse Evan’s Blue dye
into the striatum of mice. The system was able to easily
penetrate the tissue, and was able to deliver fluid in a
reproducible distribution. The average flow rate obtained in
the in vivo experiments was 0.09±0.005 μl/min (n=5), at a
driving pressure of 3.45 kPa.
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Fig. 4 Photograph showing results of a test infusion of green food dye
into a 0.6% wt/v agarose gel brain phantom at a flow rate of 0.1 μl/min

Fig. 5 (a) Gravimetric and (b) molecular weight loss of PLGA
scaffolds as a function of time. Error bars represent the standard
deviation of three replicates
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Fig. 6 Photograph of 20 μm thick coronal section of mouse brain
tissue showing Evan’s Blue distribution (a), and the corresponding
binary image that was used to calculate the volume of distribution as
part of a series of sections (b)

perfect sphere, the line would have slope π. Areas of the
plot in Fig. 7 with a slope equal to ±π correspond to regions
where the distribution is isotropic. Deviations from this
slope indicate regions of anisotropic distribution.
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used by groups that have studied CED in mice using
conventional needles (Oh et al. 2007). Furthermore, it is
reasonable to expect that higher infusion rates could be
achieved without backflow using a parlyene device with a
longer shank in larger animals. In any event, the data show
that the parylene/PLGA system is capable of delivering fluid
in a controlled and reproducible way. The ratio of the volume
distributed (Vd) to the volume infused (Vi) was 5.17 (n=5),
with a standard deviation of 0.36 (6.9% of the mean). This
value is close to the theoretical value obtained for the free
volume of the tissue given a porosity of 0.2 (Nicholson
2001), which suggests that the parylene/PLGA system
distributed all of the infused fluid to the available extracellular space of the tissue. Furthermore, the results presented in
Fig. 7 show that the distribution volume closely approximates
the ideal spherical distribution associated with infusion from a
point source.
The slight increase in size of the scaffolds when
compared with that of the original silicon master is likely
due to thermal expansion and pressure induced deformation
of the PDMS mold during hot embossing. This effect was
also observed by Yang et al (Yang et al. 2005).
The degradation time of the scaffolds in this study was
determined in vitro to be 27 days, which was consistent with
the manufacturers reported value (3–4 weeks). Grayson et al
found that the sample size affected its degradation time;
larger samples were subject to bulk degradation, which
accelerated their degradation compared with smaller samples
that degraded primarily by surface erosion (Grayson et al.
2005). In our case the scaffolds were large enough to
undergo bulk degradation and therefore exhibited the
manufacturer’s reported degradation time.
4.5

4 Discussion

4
3.5
3
Area (mm2)

The parylene microfluidic devices in this study were
capable of infusing fluids in mouse striatum at flow rates
that are relevant for convection enhanced delivery. The
maximum flow rate that can be achieved in CED often is
determined by the onset of backflow along the outside of
the needle or catheter. Morrison et al (Morrison et al. 1999)
showed that the length of backflow is directly proportional
to the volumetric flow rate imposed and the radius of the
infusion catheter. Owing to the small size of the C57BL/6
mouse striatum, the maximum flow rate achieved in these
experiments was 0.09 μl/min. At higher flow rates,
backflow along the outside of the device reached the
corpus collosum, which is only 1.6 mm from the tip of the
device in the mouse (Rosen et al. 2000). Although 0.09 μl/min
is lower than flow rates used in CED studies in humans (e.g.
2–12 μl/min, (Mardor et al. 2001; Lidar et al. 2004; Kunwar
et al. 2007; Sampson et al. 2003; Weber et al. 2003; Worgall
et al. 2008; Ren et al. 2003), it is comparable to flow rates

2.5

slope = π

2
1.5
1
0.5
0
0.5
1.5

1

0.5
0
0.5
2
[AP distance from infusion site (mm)]

1

1.5

Fig. 7 The average area of dye distribution in each brain section as a
function of the square of the distance from the infusion site. The
shaded region represents the standard deviation of the data (n=5). A
line with slope π is shown for reference. Areas of the plot with a slope
equal to ±π correspond to a region where the distribution is isotropic.
Deviations from this slope indicate anisotropic distributions
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Long term in vitro phantom studies were not carried out
on the device, because the space around the degraded
scaffold provides a high permeability zone for fluid to
escape the gel, precluding the possibility of obtaining
information about the long term in vitro fluid delivery
performance of the microfluidic devices. This is not
expected to be a problem in chronic in vivo experiments
as the local tissue would infiltrate the volume occupied by
the scaffold as it erodes, filling the void space left by the
scaffold.
PLGA structures have a long history of use in controlled
release drug delivery devices (Sanders et al. 1986) and their
release characteristics have been well characterized. The
insertion scaffolds could easily be loaded with drugs that
might influence the local tissue to improve the effectiveness
of the CED protocol, e.g. the controlled release of
dexamethasone to mediate inflammation (Shain et al.
2003; Spataro et al. 2005). To date, we have successfully
loaded the PLGA scaffolds with up to 15% wt/wt
dexamethasone to examine the effect of local diffusive
release of drug on the chronic performance of the parylene
devices. Also, the degradation time of the scaffolds could
be readily adjusted by changing the molecular weight of the
PLGA, by changing the end group, or by changing the
lactide to glycolide ratio. This, in turn, could be used to
control the duration of any local controlled release, which
makes this a promisingly tunable system.
This study also shows that a flexible microdevice can be
inserted into tissue using an external PLGA scaffold to
stiffen the probe. The external scaffold increases the
effective 2nd moment of area of the system, providing
enough buckling resistance to penetrate the tissue, before
degrading to leave the smaller parylene device free to
deform with bulk motion of the brain. A simple analysis of
the critical load for Euler buckling of the device provides
insight into design requirements of a larger system to
deliver fluid in bigger animals. By modeling the device as a
parylene strip 20 μm high by 150 μm wide, attached to a
PLGA beam that is 150 μm wide and 200 μm tall the
parallel axis theorem can be used to determine the effective
second moment of area of the parylene/PLGA device to be
1.39×10−16 m4. The effective Young’s modulus of the
device was found to be 1.67 GPa. This was determined by
multiplying the individual Young’s moduli of the PLGA
(1.31 GPa, from Lakeshore Biomaterials company website)
and parylene (2.76 GPa, Specialty Coating Systems
company website) by the second moment of area of the
respective PLGA and parylene device sections, and
dividing the total by the effective second moment of area
of the overall device. The result was used to determine the
theoretical critical Euler buckling load of the system to be
55 mN, based on an unsupported device length of
3.225 mm and a fixed-free end arrangement. In order to
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use this system to deliver fluid to the caudate of a rat, the
device length must be increased by a factor of two owing to
the size of the rat brain. To maintain the same critical
buckling load while doubling the unsupported length of the
shanks would require the PLGA scaffold to be 150 μm
wide and 340 μm high.
The method presented here may be of use to researchers
developing flexible neural electrodes for chronic applications. Takeuchi et al (Takeuchi et al. 2005) used poly
(ethylene glycol) (PEG) as a stiffening agent for flexible
neural probes. In their technique a fluidic channel on the
device is backfilled with molten PEG, which solidifies and
stiffens the device enough to allow it to be inserted into
tissue. The PEG then dissolves once the device is
implanted. However, their devices were tested in the cortex
of rats, so it is unclear whether the PEG is rigid enough to
allow the devices to be inserted accurately into deep tissue
structures. Furthermore, their method requires the implantable device to have a relatively large fluidic channel that
can be backfilled with molten PEG. The use of an external
PLGA scaffold would not require a fluidic channel if
recording/stimulating electrodes were all that were needed,
which would simplify the fabrication. Moreover, the
dichloromethane application step is not required if infusions
are not being performed, further simplifying the use of this
system.

5 Conclusions
This study is a first step toward a device that can be used in
studies of chronic CED therapy. The results show that it is
possible to implant flexible polymeric devices deep into
neurological tissue, and to use these implanted devices to
deliver fluid in a controlled and reproducible manner. The
methods developed here could be easily adapted for
implantation of other types of flexible neural microprobes.
Future work on this system will compare the long-term
performance and biocompatibility of the parylene/PLGA
system in chronic implants (with and without local
diffusive delivery of therapeutics from the scaffolds) with
those of silicon microprobes and conventional catheters.
The devices will also be lengthened to permit their use in
larger rodent models.
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