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Abstract

Convection enhanced drug delivery (CED) is a promising therapeutic method for treating diseases of the brain by enhancing the penetration of
drugs. Most controlled release delivery methods rely on diffusion from a source to transport drugs throughout tissue. CED relies on direct infusion
of drugs into tissue at a sufficiently high rate so that convective transport of drug is at least as important as diffusive transport. This work describes
the fabrication and characterization of microfluidic probes for CED protocols and the role diffusion plays in determining penetration. Microfluidic
channels were formed on silicon substrates by employing a sacrificial photoresist layer encased in a parylene structural layer. Flow in the
microchannels was characterized by applying constant upstream pressures from 35 to 310 kPa, which resulted in flow rates of 0.5–4.5 μL/min.
The devices were used to infuse Evans Blue and albumin in hydrogel brain phantoms. The results of these infusions were compared to a simple
convection–diffusion model for infusions into porous media. In vivo infusions of albumin were performed in the gray matter of rats at upstream
pressures of 35, 70, and 140 kPa. The microfabricated probes show reduced evidence of backflow along the device–tissue interface when
compared with conventional needles used for CED.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Numerous localized drug delivery strategies have been
developed to circumvent the blood brain barrier. For example,
the insertion of polymeric implants that release drugs slowly
into the surrounding tissue has been successful in treating
tissues locally [1]. These implants also can be effective in
treating intracranial tumors with local chemotherapy because
high drug doses can be delivered to the tissue surrounding the
implant [2]. However, the distance that a drug penetrates into
the tissue after release depends on the relative rates of drug
transport and drug elimination [3]. When diffusion is the
dominant transport mechanism, the concentration of the drug
decays exponentially with distance from the implant. In many
instances, only the tissue within a few millimeters of the implant
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is exposed to a therapeutically useful drug concentration. In this
case, treatment could be enhanced by alternative delivery
methods that increase the penetration distance of the drug into
tissue and eliminate the rapid decay in concentration with
distance that is characteristic of diffusion mediated transport.

Convection-enhanced drug delivery (CED) uses direct
infusion of a drug-containing liquid into tissue so that transport
is dominated by convection. By increasing the rate of infusion,
the convection rate can be made large compared with the
elimination rate in a region of tissue about the infusion point.
Thus, CED has the potential of increasing the drug penetration
distance and mitigating the decay in concentration with distance
from the release point. In addition, CED may overcome limi-
tations of traditional treatments for brain tumors caused by the
large tumor size and the difficulty of delivering therapeutics into
their dense tissue.

Convection-enhanced drug delivery has been tested exten-
sively in animals and humans. Small molecules [4–6], proteins
[7–9], growth factors [10,11], and nucleotides [12,13] have
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been infused into animal models for therapeutic and imaging
purposes. Chemotherapy agents [14,15], viral vectors [16], and
proteins [17,18] have been infused into humans in clinical trials.
Initial studies were confined to infusion in the homogenous,
gray matter bodies of the brain [7,12]. Other studies have
concentrated on the globus pallidus internus [5], peripheral
nerves [19], tumors [11,14], and the brainstem [20,9,21]. The
results of these studies indicate that convection can be used to
distribute molecules, regardless of their size, throughout most
regions of the brain. However, it can be difficult to control the
distribution of infused molecules when characteristics of the
tissue vary within the treatment region, such as in heterogenous
tumors [22] and near white matter tracts in the brain [23].
Clinical trials for treating brain tumors have reported similar
problems in tracking and predicting the distribution of infused
chemotherapy agents [24].

CED involves inserting a small cannula or needle into an
afflicted area and infusing drug or imaging solutions at a
specified flow rate. This cannula is most often a stainless steel
needle ranging from 20 to 32 ga in size. In prior studies flow
rates ranged from 0.1 to 10 μL/min and were controlled with an
external syringe pump. At flow rates greater than 1 μL/min,
backflow of infused solutions up the outside of the needle shaft
has been reported [25]. Apparently, at sufficiently high flow
rates, the tissue separates from the needle, and injected fluid
flows preferentially along the separation. Backflow reduces
control over drug delivery because infused solutions can flow
out of the brain or into highly permeable white matter tracts
surrounding the infusion site. The separation that allows
backflow can be controlled by adjusting the flow rate and the
size of the needle [26].

Another problem encountered with needles is an unexpect-
edly large pressure at the needle tip at the start of an infusion.
The large pressure may indicate that the tip of the needle is
partially or fully occluded when it is inserted into the brain. It
has been suggested that a needle or catheter with fluid outlets
along its side, rather than at its tip, could alleviate some of these
problems [27].

Microfabricated devices offer several potential advantages
over needles and catheters for CED. A microfabricated device
could be made small to minimize tissue damage [28], reduce
backflow, yet rigid enough to penetrate deep into tissue. The
fluid outlet could be located away from the penetrating edge
of the device to avoid occlusion of the channel. Furthermore,
microfabrication offers the possibility of integrating electrical,
mechanical, and chemical sensors with the fluid delivery
system [29,30,28]. For example, microfluidics have been
added to silicon microelectrodes to control the local chemical
environment during extracellular recordings in the cortex
[31]. Microneedles with on-chip flow meters [32] and pumps
[33] provide fluid flow control and minimize reagent volume.
The implantation of silicon devices has been extensively
characterized for cortical neural prosthetics [34]. Some
implanted devices have recorded electrical signals for up to
one year in vivo [35]. Other neuroscience applications for
which microfluidic devices may be useful include measuring
cerebrospinal fluid flow [36], infusing neurotransmitters and
neurotrophic factors [37,38], and studying addiction mechan-
isms [39].

A first step in building an integrated microfluidic delivery
system for CED is to demonstrate that fluid can be delivered
through a microfabricated device at rates comparable to those
for needles and cannulas. This study describes the micro-
fabrication and testing of a device that can be inserted into brain
tissue and deliver flow rates appropriate for CED (0.1–5 μL/
min). The device is designed to deliver fluid to the caudate
nucleus of adult rats for direct comparison with previous studies
that used needles [7,25,26]. Infusions into agarose brain
phantoms and the rat caudate are examined to determine
whether higher flow rates can be achieved, without significant
fluid reflux, with microfluidic devices than with standard
needles. In addition, an analytical model is developed to
examine the effect of diffusion on the penetration of infused
drugs.

2. Methods and materials

2.1. Fabrication of microfluidic probes

Devices were fabricated using standard micromachining
techniques for patterning silicon and polymer layers. Fig. 1
shows a schematic of the fabrication process, which involves a
series of patterning, deposition, and removal steps. The finished
device consists of three parts shown in Fig. 2: an insertable
microprobe with a cross-section of 100×100 μm and a length
that varies from 2 to 5 mm, a square handle with dimensions of
2 mm×2 mm×300 μm, and a protrusion with a length of 2 mm
and a cross-section of 100×100 μm that can be connected to
external tubing.

To start the fabrication a silicon dioxide etch mask was
deposited on the backside of a double-sided, polished silicon
wafer with a thickness of 300 μm (Fig. 1(a)). The backside of
the wafer was then etched with deep reactive ion etching to a
depth of 200 μm to define the insert and protrusion thickness
(Fig. 1(b)). A 2 μm silicon dioxide layer was then deposited on
the backside of the wafer using plasma enhanced chemical
vapor deposition (PECVD). This layer acts as an etch stop when
the front side of the wafer is etched in a subsequent step
(Fig. 1(c)).

To form a base layer for the microchannel, a 5 μm thick layer
of positive tone polyimide (Photoneece, Toray Industries,
Japan) was spun, patterned, and cured on the front side of the
wafer (Fig. 1(d)). Next, sacrificial photoresist was spun on top
of the polyimide to form a layer of height 10–15 μm. The wafer
was then soft-baked in a convection oven at 90 °C for 30 min.
The photoresist was patterned and developed, leaving photo-
resist in place to define the microchannel (Fig. 1(e)). The
assembly was hard-baked at 90 °C for 5 min. The polyimide
base layer was then roughened with an oxygen plasma (400 W,
1 min) to promote adhesion between polyimide and parylene. A
layer of parylene C (Specialty Coating Systems) was then
deposited to a thickness of 5 μm (Fig. 1(f)).

Following parylene deposition, a 100 nm layer of aluminum
was electron beam evaporated and patterned in the shape of the
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Fig. 1. Summary of fabrication process; a) Deposition and patterning of silicon dioxide etch mask, b) DRIE of backside silicon, c) Deposition of silicon dioxide etch
stop, d) Patterning of photosensitive polyimide adhesion layer, e) Patterning of sacrificial photoresist layer, f) Deposition parylene structural layer, g) Evaporation and
patterning of aluminum etch mask, h) Patterning of photoresist etch mask, i) Patterning of parylene by oxygen plasma, j) DRIE of front side silicon, k) Definition of
channel inlet and outlet in parylene by oxygen plasma, l) Dissolution of silicon oxide and aluminum in buffered oxide etch and release of sacrificial photoresist in
acetone.
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channels (Fig. 1(g)). The aluminum acts as a mask for etching
the inlet and outlet holes of the channel. A subsequent resist
layer was spun and patterned to serve as an etch mask for both
the bulk parylene etch and the silicon deep reactive ion etch
(Fig. 1(h)). Parylene was etched with 150 Woxygen plasma at a
rate of 100 nm/min (Fig. 1(i)). The silicon was etched down to
the oxide etch stop to define the insert and protrusion geometry
(Fig. 1(j)). Next, the inlet and outlet holes were etched in the
parylene layer using the aluminum etch mask (Fig. 1(k)). The
oxide etch stop and aluminum mask were simultaneously
removed in buffered oxide etch. Finally, the photoresist was
removed from the channels in an acetone bath for 4 h followed
by 4 h in isopropyl alcohol and 12 h in deionized water
(Fig. 1(l)).

This procedure can be used to fabricate channels with heights
between 1 and 20 μm and widths between 10 and 100 μm. The
channels used in this study had a height of 10 μm and a width of
50 μm. The length of the channel was 8 mm from protrusion to
tip.

2.2. Experimental set-up

Microfluidic devices were attached to micropipettes (OD=
1 mm, ID=0.58 mm and OD=2 mm, ID=1.12 mm) using two
part epoxy. The micropipette was then backfilled with 0.1%
(w/v) Evans Blue, or 1% (w/v) Evans Blue labeled albumin 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. Compressed
high purity nitrogen was used as a pressure source. The injector
maintained a constant pressure at the inlet of the channel. The
flow rate through the devices was determined by measuring the
speed of the liquid front in the micropipette. In some
experiments a 30 ga blunt needle was used in place of the
microfluidic device so that a direct comparison could be made
between delivery methods.

Most CED protocols infuse fluid at a constant flow rate, but
infusion at constant pressure has distinct advantages here. First,
it is easier to manipulate fluid in microfluidic devices by
regulating pressure rather than flow rate, especially while
priming a channel that is initially filled with air. Second, in
constant pressure infusion, the pressure profile in the tissue is
independent of tissue material properties (Section 2.6).

2.3. Agarose brain phantoms

Agarose gels (0.6% w/v) were used as a brain tissue analog
to characterize the delivery from the devices. Flow in agarose at
this concentration mimics some characteristics of pressure-
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Fig. 2. Electron micrographs of microfluidic probe. (a) Parylene microfluidic
channel with dimension of 50×10 μm. (b) Pointed tip of insertable portion of
probe. (c) Entire probe with protrusion for fluidic connection (1), base for
handling (2) and tissue penetrating insert (3).
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driven flow in brain tissue [27]. Agarose powder was added to
Tris–Borate–EDTA (TBE) buffer and heated in a microwave
oven on high heat for 90 s while covered. The hot solution was
poured into 100 mm tissue culture plates and allowed to gel for
2 h at room temperature. The devices were inserted 5 mm into
the gels at a rate of 1 mm/s using a micromanipulator. A fixed
volume (ranging from 10 to 40 μL) of the dye solution was
infused into the gel at pressures of 35, 70, 140, and 210 kPa.
The dye flowed radially outward from the tip of the device and
formed an approximately spherical volume about the device tip.
After infusion, which lasted between 10 and 80 min, the
penetration depth was determined by measuring the diameter of
the dyed agarose sphere with calipers.

2.4. Animal studies

Twelve male Sprague–Dawley rats (180–200 g) were used
to characterize the performance of devices in vivo. Rats were
anesthetized with ketamine (100 mg/kg)/xylyzine (10 mg/kg)
solution via intraperitoneal injection. The head was shaved and
disinfected with butadiene/alcohol/butadiene cotton swabs. An
incision was made and a 1 mm diameter hole was drilled in
the skull 3 mm laterally from bregma. The device was inserted
into the brain at a rate of 1 mm/s with a micromanipulator.
The tissue was allowed to equilibrate mechanically for 3 min.
Then, a solution Evans Blue labeled albumin was infused at
35, 70, and 140 kPa into the caudate putamen. The flow rate
was determined by measuring the fluid speed in the micro-
pipette. After 5 μL of the Evans Blue labeled albumin solution
was infused, the device was vented to atmosphere and promptly
removed. The animals were immediately sacrificed by carbon
dioxide inhalation and the brains were removed and flash frozen
in −70 °C hexane. The brains were sectioned into 25 μm slices
on a cryostat. Every fifth slice was collected for image analysis.
All procedures were done in accordance with the regulations of
the Yale University Institutional Animal Care and Use
Committee.

2.5. Image analysis

Frozen sections of brain tissue sections were imaged using a
stereoscope and CCD camera. Images were captured as RGB 8-
bit TIFF files using StreamPix software (Norpix Inc., Montreal,
Canada). To determine the penetration of the albumin the RGB
file was broken into red, green, and blue planes using a Matlab
script. Each plane consists of 480×640 pixels of intensity data
on a scale of 0–255. Blue plane pixels were normalized by
dividing each individual pixel by the total pixel intensity of all
three colors, BN=B / (R+G+B). A pixel was considered to have
a dominant blue intensity if the value of BN was greater than
0.333. Pixels with values greater than 0.333 were assigned a
pixel value of zero, and all pixels with values less than 0.333
were assigned a value of one. The result was binary image
where zero is black and one is white. To minimize background
noise an erosion operation was applied to each image. The
erosion operation specified that if more than four of a black
pixel's eight neighbors were white, then that pixel was changed
to white. The topology of the thin slices left artifacts in the
image that appeared as isolated white pixels within large black,
or dyed, areas. A dilation operation was used that specified if
more than four of a white pixel's eight neighbors were black,
then that pixel was changed to black. After image processing,
the area of each slice was calculated by summing the number of
black pixels. The Analyze Particles tool in ImageJ software
(National Institutes of Health, Bethesda, MD) was used to
calculate the area of each dye spot and the major and minor axis
of an ellipse fit to the spot. Because we were interested in
examining drug delivery in gray matter, only dye in the gray
matter was considered for calculating the aspect ratio between
the major and minor axis.

This method does not measure dye concentration, but instead
determines only a threshold concentration. Some of the images
from each animal were also imaged by epifluorescence using a
rhodamine filter to estimate the threshold concentration. A two-
dimensional surface plot of the intensity profile of the
fluorescent images was compared to processed stereoscope
images. Assuming that intensity is proportional to concentra-
tion, the threshold concentration was ∼60% of the injected
concentration.
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2.6. Model of fluid transport

Fluid transport during infusion into gels and tissue depends in
part on the mechanical response of the medium to the imposed
flow. Models have been developed to describe fluid transport in
rigid pore [40,41], poroelastic [42,43], and poroviscoelastic [44]
models of the medium. Including poroelastic or poroviscoelastic
properties in a model is useful for capturing transient responses of
the matrix and the time-dependent stress in the matrix. At steady-
state, though, the pressure and velocity fields are independent of
the particular constitutive assumption for the material. That
simplification is exploited here to estimate an apparent hydraulic
permeability of the medium and a penetration distance that
incorporates the role of diffusion. In the absence of an exact
solution of the convective–diffusion equation for this problem,
which is beyond the scope of this study, a simplified model is used
to estimate the penetration distance of infused compounds [45].

Mass conservation of the tissue solid matrix and fluid
constituents can be expressed as

jd /vþ ð1−/ÞAu
At

� �
¼ 0 ð1Þ

where v is the fluid velocity vector, u is the solid matrix velocity
vector, and ϕ is the porosity. Darcy's law gives the following
relationship between velocity and pressure in porous media

/ v−
Au
At

� �
¼ −jjP ð2Þ

where κ is the hydraulic permeability and P is the pressure.
Assuming steady state and purely radial flow, Eq. (1) becomes

1
r2

A

Ar
ðr2vrÞ ¼ 0 ð3Þ

which is integrated to obtain

vr ¼ A

r2
ð4Þ

Substituting Eq. (4) into Eq. (2) and integrating yields

PðrÞ ¼ /
j
A
r
þ B ð5Þ

The integration constants A and B are found by assuming that
the pressure decreases to zero at infinity and that P(a)=Po,
where Po is the pressure inside a fluid-filled cavity of radius a
about the tip of the microfluidic channel. Evaluating the
constants gives the following pressure and velocity profiles

PðrÞ
Po

¼ a
r

ð6Þ

vrðrÞ ¼ Poja
/r2

ð7Þ

The volumetric flow rate at the channel tip is

QðaÞ ¼ /vrðaÞ4ka2 ¼ 4kajPo ð8Þ
In the experiment, the flow rate, Q(a), is measured for
various values of the pressure Po. Eq. (8) suggests that a plot of
Q(a) / 4πa as a function of Po should give a straight line with a
slope that is an apparent permeability of the medium.

The penetration distance of an infused compound can be
estimated by assuming that convective and diffusive transport take
place in parallel [44]. The characteristic time for diffusion, τD is,

sD ¼ r2

D
ð9Þ

whereD is the diffusion coefficient of the infused molecules in the
porous medium. The characteristic time for convection, τC is

sC ¼
Z r

a

dr V
vðr VÞ ¼

/
3Poja

ðr3−a3Þ ð10Þ

To estimate the penetration distance after infusion over some
time T, the inverse characteristic times for diffusion and
convection are summed as follows

1
T
¼ 1

sD
þ 1
sC

ð11Þ

The value of r that satisfies Eq. (11) is an estimate of the
penetration distance R.

The Peclet number Pe=τD /τC gives the relative importance
of convective transport compared with diffusive transport. For
infusion into a porous medium, Pe is a maximum at the infusion
point and decreases with distance from the infusion point. In the
limit of infinitely large Pe, convection dominates fluid transport
everywhere and diffusion can be neglected, which yields the
convection-dominated penetration distance RC as a function of
time T

RC ¼ 3QT
4k/

� �1=3

ð12Þ

This model is well suited for infusions into gels where there
are no elimination mechanisms. The effect of elimination has
been treated by Morrison et al. for a rigid pore model [40].
3. Results

3.1. Device characterization

Constant pressure infusions were controlled by a pressure
injector, which sets the pressure upstream of the microchannel
to a desired value. However, there is a significant pressure loss
over the length of the microchannel, which must be taken into
account to find the infusion pressure, Po, at the microchannel
exit. To determine this pressure loss as a function of flow rate,
flow rates in the microchannel were measured for several injector
pressures with the exit of the microchannel outlet immersed in a
water reservoir (0 ga pressure). A linear relationship between flow
rate and injector pressure was found, which is expected because
flow in the microchannel is laminar. The pressure drop ΔP
between the injector and the microchannel exit was found to be
ΔP (in kPa)=70.0 Q (in μL/min). Therefore, during an infusion



Fig. 3. The apparent hydraulic permeability was calculated using Darcy's Law in radial coordinates, where Po= (Q(a) / 4πa)κ, for injection into 0.6% agarose (○) or
brain (□). The x-axis is the pressure at the tip of the device. The injector pressure upstream from the device was 7–210 kPa. The flow rate was estimated by measuring
the time it took for 1 μL of volume to be expelled through the device into the gel or tissue. Each symbol represents one infusion. There were 5–20 measurements taken
for each infusion depending on the infused volume and the error bars represent one standard deviation from these measurements. Best fits of Eq. (8) to experimental
data are shown by dashed lines.
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experiment, Q was measured and this formula was used to find
ΔP, which was then subtracted from the injector pressure to
determine the pressure at the channel outlet, Po.

3.2. Distributions of infused compounds and backflow

The infusion of dye into agarose gels was studied for injector
pressures of 7, 35, 70, 140, 210, and 310 kPa, which
(a)

(b) Pinject=35kPa (c) Pinject=70k

Fig. 4. (a) The microfluidic probe with attached fluid reservoir was inserted 3 mm late
overlay of the processed data on a cartoon of the insertion site illustrates the pressure
Adapted from Retterer et al. [30].
corresponded to infusion flow rates of 0.08, 0.4, 0.8, 1.7, 2.9,
4.5 μL/min, respectively. In every case, the infusions resulted in
spherically symmetric dye distributions about the exit of the
microchannel. There was no visual evidence of backflow at any of
these injector pressures. Fig. 3 shows a linear relationship
betweenQ(a)=4πa and Po; according to Eq. (8), the slope of this
line gives an apparent hydraulic conductivity for 0.6% agarose of
2.05×10−12 m2/Pa s. Even at the lowest injector pressure (7 kPa),
(d) Pinject=140kPa Pa 

rally from bregma to a depth of 5 mm into the caudate nucleus (Top). (b)–(d)An
dependence of the dye distribution at injection pressure of 35, 70, and 140 kPa.



(a)

1 mm

(b)

1 mm

(c)

1 mm

Fig. 5. Distribution of Evans blue labeled albumin in the caudate of rats at infusion pressures of (a) 35, (b) 70, and (c) 140 kPa. Each coronal slice is labeled by its
position with respect to bregma (β) in millimeters. The infusion site is at 0.0 mm from bregma.
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Table 2
Analysis for the variance of the aspect ratio at 0 mm from bregma between low
(35 kPa), medium (70 kPa), and high (140 kPa) injector pressures

Groups Count Sum Average Variance

Low pressure 3 3.6 1.2 0.004
Medium pressure 3 4.91 1.6 0.068
High pressure 3 4 1.3 0.002

Source of variation SS df MS F P-value F crit

Between groups 0.32 2 0.16 6.4 0.03 5.1
Within groups 0.15 6 0.025
Total 0.47 8
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penetration of the dye was observed immediately, suggesting that
the probe outlet was not occluded. There was no evidence of a
pressure barrier to initiate flow. In contrast, for infusion through a
blunt 30 ga needle inserted into the gel in the same manner, the
pressure had to exceed 11 kPa before there was evidence of flow.
To compare the performance of the microfabricated device with
that of a needle, the injector pressure was increased in stages until
the onset of backflowwas observed. For themicrofluidic device at
an insertion depth of 5 mm, the backflow was observed when
pressure was increased to 310±8 kPa (n=10) corresponding to a
flow rate of 4.5 μL/min. For a 30 ga needle backflow was
observed when the pressure was increased to 20 kPa±4 (n=10)
corresponding to a flow rate of 0.41 μL/min.

The device was inserted 3 mm laterally from bregma into the
caudate of the rates to a depth of 5 mm (Fig. 4(a)). The infusion
of dye was studied for injector pressures of 35, 70, and 140 kPa
(Fig. 4(b–d)). In these cases the infusions resulted in dye
distributions that were nearly elliptical except in one case at 140
kPa (Fig. 4(d)). Fig. 3 shows that the relationship between flow
rate and pressure at the outlet of the channel, Po, was linear, and
a comparison of data with Eq. (8) yielded a value of
5.63×10−12 m2/Pa s for the apparent hydraulic permeability
of gray matter in the caudate putamen.

The shapes of the dye distributions in the rat brain depended
on the injector pressure. Fig. 5 shows processed images of the
dye distributions for the three values of the injector pressure.
Each montage contains coronal slices from a single brain at a
given pressure. The slices are separated by 0.5 mm. Their
distances from bregma are given in millimeters; positive
numbers refer to the slices anterior to bregma and negative
numbers refer to slices posterior to bregma.

At an injector pressure of 35 kPa, the distribution of dye
within each coronal section was slightly non-spherical (Figs.
4(b) and 5(a)). At 70 (Figs. 4(c) and 5(b)) and 140 kPa (Figs. 4(d)
and 5(c)) the distributions were more elongated. Single factor
analysis of the variance (ANOVA) was performed on both the
total volume of dye in the gray matter and the aspect ratio of the
distribution at the infusion site (3 mm lateral from bregma).
Tables 1 and 2 show a summary of the ANOVA results for an
alpha value of 0.05 for volume and aspect ratio, respectively. In
both cases there were statistically significant (pb0.05) differ-
ences between the low, medium, and high pressure groups.
However, there was not a statistically significant difference in
the aspect ratio beyond the infusion site. This result suggests
Table 1
Analysis for the variance of volume of dye in the gray matter between low
(35 kPa), medium (70 kPa), and high (140 kPa) injector pressures

Groups Count Sum Average Variance

Low pressure 3 7.6 2.5 0.11
Medium pressure 3 8.3 2.8 0.17
High pressure 3 11.4 3.8 0.01

Source of variation SS df MS F P-value F crit

Between groups 3.5 2 1.8 18 0.02 9.6
Within groups 0.3 6 0.10
Total 3.8 8
that asymmetrical distribution was limited to tissue immediately
adjacent to the device.

Evidence of backflow was found in one of three cases for an
injection pressure of 140 kPa but in no cases for 35 or 70 kPa.
The crescent-shaped distributions in Fig. 5(c) are indicative of
backflow. In this case, the infused dye migrated into the white
matter of the corpus callosum immediately above the caudate as
a result of backflow along the outside of the microchannel.
Once in the white matter, the dye then flowed in anterior and
posterior directions. Backflow in this case may have been
caused by a poor insertion, which can increase the likelihood of
backflow [30]. During curing of the epoxy, occasionally the
device becomes slightly misaligned with the micropipette that
holds it. In this event the device is not exactly perpendicular to
the surface as it is inserted, which can lead to tissue tearing and
backflow.

Owing to the small size of the rat brain, dye reached white
matter even in the absence of backflow. The caudate putamen is
the largest area of homogeneous gray matter. It is roughly
spherical with a diameter of approximately 3.0 mm and is
surrounded by a white matter envelope consisting of the corpus
callosum [46]. Infused albumin reached the anterior forceps of
the corpus callosum at a penetration distance of 2 mm and
subsequently flowed several millimeters in the anterior
direction. This projection is clearly seen in Fig. 5(b) which
shows dye up to 4 mm anterior to the infusion site. Such
extensive penetration is unlikely in gray matter, but it could
occur by transport through the high permeability tracts of white
matter.

3.3. The effect of diffusion on penetration distance

The potential advantage of CED is that penetration into
tissue can be enhanced by convection compared with the
penetration obtained by diffusion in controlled release.
Convection dominates diffusion near the microchannel tip,
but the infusion velocity decays as 1 / r2 where r is the distance
from the tip. If the infused drug penetrates sufficiently far from
the infusion point, then its transport may be dominated by
diffusion at its farthest penetration. The distance where this
occurs depends not only on the infusion rate, but also on the
diffusivity of the injected molecules.

To show how diffusion can affect the penetration distance in
CED, infusions into agarose were compared for two infused



Fig. 6. Volume distributed :volume infused of Evans Blue (○) and albumin (□)
into 0.6% agarose at an infusion pressure of 5 kPa and a comparison to model
predictions (–). Each data point represents a separate infusion. The model
accurately predicts the time dependent Vd :Vi observed with infusion of Evans
Blue (R2=0.70) compared to the relatively time insensitive results obtained
during infusion of albumin (R2=0.83).
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molecules: a small water soluble molecule (Evans Blue) and a
large globular protein (albumin). Infusions of various durations
were performed and the volume of gel containing dye Vd was
measured and compared with the known volume of fluid Vi that
was infused. Fig. 6 shows the ratio Vd /Vi as a function of
infusion time. In the absence of diffusion, corresponding to an
infinitely large Peclet number everywhere throughout the flow,
the ratio Vd /Vi would equal the inverse of the porosity 1 /ϕ
regardless of the infusion time. However, the data show that the
ratio depends on infusion time, which indicates that diffusion
affects the penetration distance. The ratio is larger and shows
greater sensitivity to infusion time for Evans Blue, which is
expected from Eq. (11) based on its larger diffusivity
(D=2.0×10−6 cm2/s, Stokes–Einstein equation, molecular
radius from Markou et al. [47]) compared with the diffusivity
of albumin (D=8.3×10−7 cm2/s in 0.3% agarose [48]). Data
for both compounds were compared with the model described
in Section 2.6 by using Eq. (11) to estimate the penetration
depth for the appropriate experimental parameters. The result
shown in Fig. 6 shows good agreement between the model and
the data over a wide range of infusion times. The coefficient of
multiple determination (R2) was 0.70 for Evans Blue and 0.83
for albumin.

4. Discussion

The microfabricated devices described here have several
advantages over larger needles for CED. The devices can
deliver liquids at flow rates comparable to those in CED with
needles with reduced backflow that often hampers fluid delivery
through needles [27,26]. In principle, devices can be fabricated
for specific anatomical geometries with the option of placing
several delivery outlets on a single device. In addition, other
components can be incorporated into microfabricated devices,
including recording/stimulating electrodes, pumps, valves, and
flow meters.

Infusing at constant pressure rather than at constant flow rate
has important consequences on the pressure and stress distribu-
tions in the tissue. For constant pressure infusion, the pressure
profile in the tissue is independent of the tissue's material pro-
perties (Eq. (6)), including its hydraulic permeability. Further-
more, Netti et al. showed that for constant pressure infusion into
a poroviscoelastic material, the radial and circumferential stress
components also are independent of the hydraulic permeability
[44]. In contrast, the pressure and stress components are strongly
affected by the hydraulic permeability for constant flow rate
infusion. If sufficiently high levels of stress incite apoptotic or
necrotic signalling cascades in neurons or glial cells [49], then
knowing the stress profile even when the hydraulic permeability
is uncertain is an advantage of constant pressure infusion.

There is a wide range of values reported for hydraulic
permeability in tissues and gels (from 1×10−11 to 1×10−16 m2/
Pa s) [22,50,42,49,44]. Our value of 2.05×10−12 m2/Pa s for
gray matter in the rat agrees reasonably well with Basser's
estimate of 5×10 12 m2/Pa s [42]. However, the permeability of
elastic or viscoelastic porous media depends on deformation of
the media. For example, Deen and Johnson show that the
permeability of agarose decreases in uniaxial flow owing to
compression of the void space in the gel [50]. In a radial source
flow like the one presented here, the magnitudes and signs of
the radial and circumferential stress components determine
whether the tissue is dominated by compression or tension.
Zhang et al. found an increase in permeability with respect to
infusion pressure in radial flow in fibrosarcomas under constant
pressure infusion (2–16 kPa) of albumin [51]. For constant
pressure infusion with our microfluidic probes, the apparent
hydraulic permeability did not depend on flow rate in agarose or
in brain tissue. However, the apparent hydraulic permeability is
calculated based on the pressure and flow rate at one point, the
infusion site. To distinguish local permeability changes in
response to flow, one would need to measure pressure as a
function of distance [22].

The apparent value we report may overestimate the actual
permeability of a poroelastic medium since dilation is expected
to be greatest at the infusion site, leading to increased porosity
and higher permeability there.

Several investigators have observed an increase in pressure
followed by a precipitous decrease to a steady-state value at the
beginning of constant flow rate infusions. This result has been
attributed to the elasticity of brain tissue [27], the opening of
fluid channels in the extracellular matrix [51], and simply
occlusion of the needle tip [4]. Our observations are consistent
with the last explanation. During constant pressure infusion
into 0.6% agarose using a blunt needle we found that a critical
pressure (∼10 kPa) was necessary to observe convective flow.
When the pressure was increased to values only slightly larger
than this critical pressure, a burst of dye was suddenly infused
followed by significant backflow at insertion depths of 5 mm.
The microfluidic devices did not exhibit any pressure increases
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during infusion. Infusion is observed immediately at the start,
regardless of injector pressure.

The size of the delivery device for CED affects the maximum
allowable infusion rate without backflow for a given insertion
depth. A previous study of infusions of 4 μL of albumin through
a 32 ga needle (OD=0.228 mm) into the caudate of rats showed
that the maximum flow rate without backflow into the corpus
callosum was 0.5 μL/min [25]. Lonser et al. infused the
brainstem of primates with a 32 ga needle at flow rates of 0.25–
1 μL/min [9] without backflow. Our microfluidic probes
achieved flow rates of 2.0 μL/min (140 kPa injector pressure).
In one animal, we found a crescent shape distribution (Fig. 4c)
indicative of backflow into the corpus callosum. However,
backflow in this case was most likely due to a poor insertion.

Using scaling arguments, Morrison et al. found xm=
constantQ0.6rc

0.8, where xm is the axial length of backflow, Q
is the flow rate, rc is the catheter radius, and the constant is
related to the physical properties of the porous medium [26]. For
infusions into the gray matter of rats they found xm(cm)=11.41Q
(μL/min)0.6rc(cm)0.8. Applying this formula to the microfluidic
probes using a hydraulic radius of 0.05 mm (rc=area / (peri-
meter /2)) gives a maximum flow rate of 1.6 μL/min which is
similar to our observations.

Human clinical trials for the treatment of malignant gliomas
with off-the-shelf catheters have shown promise in treating
tumors and resection cavities [24]. The large size of the
targeted tumors (∼1–5 cm) and kinetics of the cytotoxic
agents require long infusion times (2–4 days) and high flow
rates (5–10 μL/min). Applying Morrison's scaling relationship
for gray matter to these high flow rates with a 32 ga needle
gives backflow distances of one to 2 cm. A microfluidic
device could be designed using the process described in this
study to have a hydraulic radius as small as 10 μm. If the
scalings hold down to this size, such a device would result in
backflow distances of only a few millimeters even at flow rates
up to 10 μL/min.

5. Conclusions

Microfluidic devices have been fabricated that are capable of
delivering liquids at relevant flow rates for convection enhanced
drug delivery. The small size and geometry of these devices
offer potential advantages over traditional needle/catheter
infusion protocols. The orientation of the channel inlets on
the top of the device inhibits channel occlusion during insertion
into tissue. The use of a small channel operating under constant
pressure infusion leads to stress fields that are local (∼100 μm)
and independent of hydraulic permeability which helps
minimize backflow and produce spherical distributions of
infused fluids, at least in porous media. Fluid distribution into
the caudate of rats showed slight asymmetry. In direct
comparison with needles in agarose brain phantoms, micro-
fluidic devices could operate at ten times the flow rate before
inducing backflow out of the brain phantom at a 5 mm insertion
depth. Similarly, in vivo infusions into the caudate of rats were
tolerated at flow rates four times higher than those previously
reported.
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