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Abstract:
Convection enhanced delivery uses pressure gradients
to distribute a therapeutically relevant concentration
of drug throughout a targeted region of tissue. A lim-
itation of this technique is the lack of control over the
ultimate distribution of infused drugs because flow is
influenced locally by the physiology of targeted re-
gions. This paper describes a microfabricated device
comprising an array of fluidic channels that can in-
fuse or withdraw fluid from tissue and, therefore, act
as fluid sources and sinks to better control the distrib-
ution and penetration of infused drugs. The device is
a silicon/polymer hybrid that is rigid enough to pen-
etrate tissue and capable of delivering flow rates of
0.1 to 2 µL/min. Devices were tested in agarose gels
to determine the feasibility of infusing and withdraw-
ing fluid from a poroelastic medium. Positive pressure
infusions of up to 20 kPa (2 µL/min) were tolerated
without evidence of backflow. Negative pressure with-
drawals lead to compression of the gel at the channel
opening which impeded flow. Our results suggest that
fluid sinks should be passive and have low hydraulic
resistance.

Introduction

Convection enhanced drug delivery (CED) is a
promising new therapeutic method for treating diseases
of the brain [1]. In contrast to most localized drug
delivery methods that rely on diffusion mediated trans-
port, CED uses pressure gradients to distribute drugs into
tissue. Small molecules [1], proteins [2], nucleotides
[3], and viral vectors [4] infused using CED can pene-
trate over large regions of the brain. The conventional
CED protocol involves advancing into a targeted region
a catheter that is attached to a syringe pump. Constant
volumetric flow rates on the order of 0.1 to 1 µL/min are
delivered for hours to days depending on the size of the
targeted region and the physical properties of the drug
molecule. However, it is difficult to control the distrib-
ution of infused solutions because of heterogeneous fea-
tures in normal [5] and disease afflicted [6] tissues. For
example, in the normal brain the hydraulic permeability
of white matter is much larger than that of gray matter,
which can significantly affect flow patterns. Similar be-
havior is observed in the necrotic regions of tumors. The
elevated pressure found in tumors further complicates the

issue by pushing molecules towards the periphery of a
tumor.

Elimination mechanisms of infused drugs must be
considered. Therapeutic proteins often have slow bind-
ing kinetics, and they can bind non-specifically to the ex-
tracellular matrix and to non-targeted cells. To achieve a
therapeutically relevant exposure over a sustained period
requires long infusion times. Drugs can penetrate beyond
the targeted region because of long infusion times and ul-
timately find their way into healthy tissue.

One strategy to control the distribution of infused
compounds is to control the magnitude and direction of
the local pressure gradient that dictates the direction fluid
flows. This strategy is commonly used on a much large
length scale in secondary and tertiary extraction of petro-
leum. Petroleum extraction involves arranging a number
of source (infusion) and sink (withdrawal) wells to opti-
mize recovery of displaced oil[7]. A particularly common
configuration is the five spot well, where a single source
is surrounded by four sinks equidistant from the infusion
source. Streamlines emanating from the source lead di-
rectly to a sink. These types of multipole flows could be
a helpful in controlling the penetration and distribution of
infused drugs.

In this study we report the fabrication of a microflu-
idic device for multipole flows in brain tissue. The chan-
nel outlets were arranged in a five-spot configuration.
The probes were characterized in agarose gels that mimic
some of the poroelastic behavior of brain tissue. The
physiological, material, and fabrication limitations are
discussed including suggestions for improved multipole
performance.

Materials and Methods

Devices were fabricated using standard micromachin-
ing techniques on a silicon substrate. A detailed explana-
tion of the fabrication process is given in Neeves et al.
[8]. Briefly, double-sided polished 300 µm thick silicon
wafers were deep reactive ion etched (DRIE) on the back-
side using a silicon dioxide etch mask to define the thick-
ness of the shanks and protrusions (Figure 1a). Next, a
layer of polyimide was patterned to act as a base for the
channels (Figure 1b). The polyimide acts as an adhesive
layer for a parylene structural layer that defines the chan-
nels. The channel height (10-15µm) and width (25-50
µm) were defined by a sacrificial photoresist layer (Fig-
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 ure 1c) and coated with a thin layer (5 µm) of parylene
(Figure 1d). The silicon probe geometry was defined by a
second DRIE step (Figure 1e). Finally, the channels were
cleared of photoresist in an acetone bath (Figure 1f).
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Figure 1: Summary of fabrication process; a) Deep reac-
tive ion etching (DRIE) of backside silicon, b) Patterning
of polyimide adhesion layer, c) Patterning of sacrificial
photoresist layer, d) Deposition and patterning of pary-
lene channel top, e) DRIE of frontside silicon, f) Disso-
lution of sacrificial photoresist in acetone.

Devices were attached to micropipettes (OD=1 mm,
ID=0.58 mm) and polyimide tubing (OD=0.36 mm,
ID=0.32 mm) using two part epoxy. The micropipette
was attached to the channel on the middle shank and
polyimide tubing was attached to the other four chan-
nels. The micropipette was then backfilled with 1%
(w/v) Evans Blue labeled albumin (69 kDa) and inserted
into a micropipette holder on a micromanipulator. The
micropipette holder was connected to a programmable
pressure injector (World Precision Instruments PM8000,
Sarasota, FL, USA) with low compliance polyethylene
tubing. The pressure injector can be programmed to both
infuse (positive pressure) and withdraw (negative pres-
sure) fluid at pressures of up to 500 kPa. Compressed
high purity nitrogen was used as a pressure source. The
flow rate through the devices was determined by measur-
ing the speed of the advancing liquid front in the gradu-
ated micropipette.

Agarose gels (0.6% w/v) were used as a brain tissue
analog to characterize the delivery of dyes from the de-
vices. Flow in agarose at this concentration has been
shown to mimic some characteristics of pressure driven
flow in brain tissue [9]. Agarose powder was added to
Tris-Borate-EDTA (TBE) buffer and heated in a 90 ◦C
water bath for one hour in a capped vial. The hot so-
lution was poured into 100 mm tissue culture plates and
allowed to gel for two hours at room temperature. The
devices were inserted 5 mm into the gels at a rate of 1
mm/sec using a piezoelectric motor attached to a micro-
manipulator.

The hydraulic permeability was calculated as a func-
tion of infusion or withdrawal pressure to characterize the
gel mechanics. A constant hydraulic permeability sug-
gests that the local flow resembles flow through a rigid
pore. A flow rate-dependent hydraulic permeability sug-
gests poroelastic behavior in which the agarose gel is di-
lated or compressed by the applied pressure.

In a rigid pore model the hydraulic permeability is
defined as a constant that represents the conductivity of
flow under a pressure gradient as described by Darcy’s
Law.

v =−κ∇P (1)

where v is the fluid velocity, κ is the hydraulic perme-
ability, and P is the pressure. When the microfabricated
channel is inserted into the gel, a small spherical void of
radius a forms at the tip of the channel. Fluid exiting the
channel fills this spherical void before it flow into the gel.
The pressure in the void is constant. The velocity at the
spherical void-gel interface is related to the volumetric
flow rate through the channel according to:

Q(a) = v(a)4πa2 (2)

where Q(a) is the volumetric flow rate and v(a) is the
fluid velocity at the void-gel interface, r = a. Solving
eq. (1) in spherical coordinates with boundary conditions
that on the void surface the pressure is P(a) and that the
pressure goes to zero as the radius approaches infinity,
and substituting into eq. (2) gives

Q(a) = 4πaκP(a) (3)

Thus, the hydraulic permeability can be determined by
measuring the flow rate, Q(a), for various values of
the pressure, P(a). Eq. (3) suggests that a plot of
Q(a)/4πa as a function of P(a) should give a straight
line whose slope is an apparent permeability of the rigid
pore medium. The result is an ”apparent permeability”
because it is measured only at one point. To determine
the true permeability the pressure would need to be mea-
sured at several radial positions.

Results

Each probe consisted of five channels on three in-
sertable shanks (Figure 2). The cross-sectional areas of
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 the shanks were 75 X 100 µm and they were six and
seven millimeters in length. There were two channels on
each outside shank and one channel on the middle shank.
The cross-sectional area for each channel was 25 X 10
µm. Each channel had its own protrusion for connecting
tubing. The dimensions of the device were designed for
insertion into the caudate putamen of rats, which largest
volume of homogeneous gray matter in the rat brain.

1 mm
A

B

Figure 2: (A) Infusion of Evans Blue labeled albumin
through four of the channels into 0.6% agarose. B) Scan-
ning electron micrograph of the tip of the middle silicon
shank with parylene channel on top.

Constant pressure infusions were controlled by a pres-
sure injector, which sets the pressure upstream of the
channel to a desired value. However, there is a signifi-
cant pressure loss over the length of the channel, and this
must be taken into account to find the infusion pressure,
P(a), at the channel exit. To determine this pressure loss
as a function of flow rate, flow rates through the chan-
nel were measured for several positive and negative pres-
sures with the exit of the channel outlet immersed in a
water reservoir (zero gage pressure). The pressure drop
∆P between the injector and the channel exit under pos-
itive and negative pressure was found to be ∆P (in kPa)
= 120Q (in µL/min). Therefore, during an experiment, Q
was measured and this relationship was used to find ∆P,

which was then subtracted from the injector pressure to
determine P(a).

Positive pressure infusions at 10, 35, 70, and 140 kPa
were performed in triplicate into 0.6% agarose. A linear
fit (R2=0.88) to eq. (3) yielded a hydraulic permeabil-
ity of 6.2 X 10−12 m2/Pa s, which suggests that the gel
can be described by a rigid pore model in this pressure
range. Positive pressure higher than 140 kPa resulted in
backflow due to separation of the gel and shank.

Negative pressure withdrawals of 10, 35, and 70 kPa
produced unexpectedly low flow rates. The relation-
ship between withdrawal pressure and flow rate was non-
linear and therefore eq. (3) could not be used to calcu-
late a permeability. However, the trend showed a de-
crease in permeability with increasing withdrawal pres-
sure. Clearly, under negative pressure the rigid pore
model fails and the poroelastic properties of the gel must
be considered.

Discussion

Heterogeneous or anisotropic tissue structures in the
brain can limit the effectiveness of CED [10] by mak-
ing it difficult to predict the distribution of infused drugs.
Even in homogeneous tissue regions, the extent of pen-
etration is difficult to control during long infusions. We
have fabricated a microfluidic device for testing the feasi-
bility of multipole flows to better control the distribution
of infused drugs. The small dimensions of the microfab-
ricated device make it possible to have in close proximity
several independent channels for infusing or withdrawing
fluid.

However, the results of this study show that mechani-
cal properties of poroelastic media like agarose and brain
tissue may limit the range of positive and negative pres-
sures that than can be be achieved in vivo. Backflow of
infused solutions along the shaft of the delivery vehicle
sets an upper bound on infusion rates. In the devices pre-
sented here, the maximum positive pressure at the chan-
nel outlet for infusion into 0.6% agarose was approxi-
mately 20 kPa (corresponding to an injector pressure of
140 kPa).

In the case of negative pressure applied for withdraw-
ing fluids, we hypothesize that the adjacent poroelastic
media is compressed by the net force on the gel due to
the pressure gradient at the channel outlet. Compres-
sion of the gel leads to a decrease in the local hydraulic
permeability that impedes flow into the channel. Re-
sults showed that increasing the magnitude of the neg-
ative pressure in the withdrawal channel did not increase
the fluid withdrawal rate, presumably because the gel
permeability at the channel tip decreases with increas-
ing magnitude of the applied negative pressure. There-
fore, a better strategy may be to apply no negative pres-
sure in the withdrawal channels. However, a passive sink
would need to provide a low resistance path for fluid rel-
ative to the poroelastic media. The high pressure drop
in our microfluidic withdrawal channels, owing to their
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 small dimensions, indicates that many channels would be
needed to withdraw a significant amount of fluid. In a
hypothetical closed system, if fluid were infused through
one channel at a rate of 1 µL/min, 40 channels (cross-
sectional area 25 X 10 µm, length 10 mm) would be
required to withdraw all of the fluid at a pressure drop
of 3 kPa per channel (the normal interstitial pressure of
the brain). However, the number of required withdrawal
channels would decrease significantly if each were made
larger. The largest channels we have fabricated using sac-
rificial photoresist and a parylene structural are 75 X 20
µm. Only two sinks would be required for a channel this
size.

Conclusions

A microfabricated device was fabricated on a silicon
substrate with microfluidic channels capable of infusing
fluid at flow rates that are comparable to conventional
CED protocols (0.1 to 1 µL/min). The device was tested
in an agarose brain analog to determine the feasibility of
using multipole flows in a poroelastic media. We iden-
tified material and operational restrictions that limit the
range of infusion and withdrawal rates in the device. In-
fusion pressures must remain less that 20 kPa to prevent
significant backflow up the shaft of the device. Active
withdrawal of fluid by the using negative pressure re-
sults in compression of the adjacent gel and a decrease
in the local hydraulic permeability. Our results suggest
that to achieve multipole flow, passive sinks with mini-
mal hydraulic resistance are necessary for the withdrawal
of fluid from poroelastic media.
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