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(57) Abstract: Microdialysis sampling is an essential tool for in vivo neuro-
chemical monitoring. Conventional dialysis probes are over 220 pm in dia-
meter and have limited flexibility in design because they are made by as-
sembly using preformed membranes. The probe size constrains spatial resol-
ution and governs the amount of tissue damaged caused by probe insertion.
To overcome these limitations, we have developed a method to microfabric-
ate probes in Si that are 45 um thick 180 um wide. The probes contain a bur -
ied, U-shaped channel that is 30 um deep 60 pm wide and terminates in
ports for external connection. A 4 mm length of the probe is covered with a 5
pum thick nanoporous membrane. The membrane was microfabricated by
deep reactive ion etching through a porous aluminum oxide layer. The mi-
crotabricated probe has cross-sectional area that is 79% less than that of the
smallest conventional microdialysis probes. The probes yield 2-7% relative
recovery at 100 nL/min pertusion rate for a variety of small molecules. The
probe was successfully tested in vivo by sampling from the striatum of live
rats. Fractions were collected at 20 min intervals (2 uL) before and after an
injection of 5 mg/ kg, i.p amphetamine. Analysis of fractions by liquid chro-
matography-mass spectrometry revealed reliable detection of 13 neurochem-
icals, including dopamine and acetylcholine, at basal conditions. Amphetam-
ine evoked a 43-fold rise in dopamine, a result nearly identical to a conven-
tional dialysis probe in the same animal. The microfabricated probes have
potential for sampling with higher spatial resolution and less tissue disrup-
tion than conventional probes. It may also be possible to add functionality to
the probes by integrating other components, such as electrodes, optics, and
additional channels.
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MICROFABRICATION OF A MICRODIALYSIS PROBE

WITH NANOPOROUS MEMBRANE

GOVERNMENT SUPPORT

[0001] This invention was made with Government support under EB003320
awarded by the National Institutes of Health. The U. S. Government has certain rights

in this invention.

BACKGROUND
[0002] This section provides background information related to the present
disclosure which is not necessarily prior art.

[0003] Microdialysis is widely used for in vivo sampling. In this technique, a
semi-permeable membrane probe is inserted into tissue or fluid and perfused with an
isotonic solution. Chemicals in the tissue diffuse across the membrane according to
their concentration gradient and are collected in fractions for analysis. The popularity of
microdialysis stems from its favorable properties. Samples are continuously removed
from a well-defined space without net fluid loss from the tissue. The membrane
prevents large molecules and debris from being collected that might interfere with
downstream assays. Collection of a series of fractions allows changes in tissue
chemistry to be monitored over time. The probe can also be used for local delivery of
chemicals. Microdialysis is versatile because it can be used to sample from organs,

tissues, tumors, and body fluids.

[0004] Despite the advantages, the size of microdialysis probes creates some
limitations. Probes are generally made by coupling capillaries to preformed dialysis
tubing resulting in a cylindrical shape with a diameter defined by the dialysis tubing,
typically no smaller than 220 um. The relatively large probe diameter prevents sampling
from microenvironments such as small brain nuclei. This problem is especially acute in
smaller subjects, like mice, which are often preferred for research because of the
extensive genetic tools and models available. Tissue damage with potentially
confounding effects on measured chemicals is another issue that is likely worse with
larger diameter probes. Finally, in clinical applications, smaller probes are desirable to

minimize discomfort and increase precision.

[0005] A route to miniaturizing microdialysis probes is by microfabrication.

Microfabricated needles without membranes have been applied for drug delivery and
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sampling. We have reported a 70 um wide by 85 um thick microfabricated “push-pull”
probe for in vivo sampling. (Lee et al., Anal. Chem. 2013, 85, 3828-3831) Sampling
occurred by pulling fluid through one channel while pushing an equal volume out the
other at 50 nL/min. A limitation of push-pull and needle-type sampling is that proteins
and debris can enter the sampling channel potentially interfering with assays or
clogging channels. Another issue is that pull-flow connections must be made at the
probe. The pull connection complicates sample collection, especially at the low
sampling rates used. This plumbing requirement is in contrast to microdialysis where
fluids are pumped into the inlet leaving the outlet free for sample collection. Finally, the
push and pull flows must be balanced to avoid net fluid loss or gain around the probe.
Fluid balancing is challenging at such low flow rates but is not necessary in

microdialysis.

[0006] A key challenge in microfabricating a microdialysis probe is forming a
membrane over an open channel. For example, microdialysis probes have been
fabricated in Si with permeable polysilicon or fabricated pores as the permeable layer.
(Zahn et al., Biomed. Microdevices 2005, 7, 59-69; Desai et al., J. Membr. Sci. 1999,
159, 221-231; Lebouitz et al., IEEE Int. Conf. Micro Electro Mech. Syst., 12", |EEE,
1999, 470-475) But the polysilicon membrane was too fragile to use with pressure-
driven fluid flows in microchannels. Microfabricated dialysis probes with high pore
density and suitable recovery have yet to be demonstrated for in vivo sampling.

SUMMARY
[0007] This section provides a general summary of the disclosure, and is not
a comprehensive disclosure of its full scope or all of its features.

[0008] A procedure has been developed to microfabricate a microdialysis
probe in Si. The membrane is formed by electrochemical etching of a porous anodic
aluminum oxide (AAQO) layer to yield a high density of straight pores with controllable
size. The porous AAO is used as a mask for deep reactive ion etching (DRIE) of a
polysilicon layer that is underneath the AAO and over a microfluidic channel. Utility of

the probes is demonstrated by monitoring neurotransmitters in the brain of live animals.

[0009] Further areas of applicability will become apparent from the
description provided herein. The description and specific examples in this summary are
intended for purposes of illustration only and are not intended to limit the scope of the
present disclosure.
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DRAWINGS
[0010] The drawings described herein are for illustrative purposes only of
selected embodiments and not all possible implementations, and are not intended to

limit the scope of the present disclosure.

[0011] Figure 1 shows a layout of a sample microfabricated microdialysis
probe. A probe has 3 ports including inlet, outlet, and spare for other potential uses (it
was not used at this probe). (A) Scanning electron microscope (SEM) image of cross-
section of channels showing semicircular shape and thin polysilicon top layer. (B) SEM
image of AAO membrane over sampling area. (C) SEM image of sampling probe tip

showing the channel pattern.

[0012] Figures 2 — 12 depict the steps of a process for making a microdialysis

probe from crystalline Si.

[0013] Figure 13 gives SEM images of fabricated microchannels with uniform
parallel pores. Drawing at left indicates where the probe sampling tip was broken to
expose channels. Images show AAO and polysilicon membranes overlaid. Lowest
image shows that pores go through the polysilicon base layer over the open channel.
Images correspond to probe at about step 25 shown in Figure 10.

[0014] Figure 14 shows (A) Comparison of relative recoveries of analytes
between in vitro and in vivo experiments. The bar chart represents averaged relative
recovery with standard error of the mean. * indicates different with p < 0.05, ** indicates
p < 0.001 obtained by the two-tailed Student's t-test test. (B) Multiple reaction
monitoring mass chromatograms of a representative fraction (1.5 uL) collected from the
striatum of an anesthetized rat through the microfabricated probe. The chromatogram
shows the trace for 13 detectable neurochemicals. Abbreviations used are:
acetylcholine (ACh), choline (Cho), taurine (Tau), glutamine (GIn), serine (Ser), glucose
(Gluc), phenylalanine (Phe), 5-hydroxyindoleacetic acid (5-HIAA), homovanillic acid
(HVA), tyrosine  (Tyr), 3,4-dihydroxyphenylacetic acid (DOPAC), 34-
dihydroxyphenylalanine (DOPA), and dopamine (DA).

[0015] Figure 15 illustrates dual probe microdialysis of rat striatum showing
effects of AMPH (5 mg/kg, IP) on DA release and other neurochemicals sampled by a
concentric microdialysis probe (MD) and microfabricated probe (uFab). Both probe

types have similar performance on response to dynamic in vivo chemical changes.
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Lines indicates when AMPH was present (fractions at 60 and 80 min). Data were

converted to percent of baseline measurement o normalize pre-drug levels to 100
percent. Student’s t-test indicates a significant change (*p < 0.05) between basal and
post drug levels. Results are the mean £ SEM, n = 3 animals. For other measured
neurochemicals, their post drug levels did not significantly change.

[0016] Figure 16 illustrates the overall setup of an anodized aluminum oxide
(AAO) process for generating pores through an Al layer. After deposition of 400 nm Al
layer over the wafer, the Al coating was anodized at 60 V in 0.3 M oxalic acid for 15 min
at 15 °C. Platinum mesh was used as a counter electrode, which was aligned parallel to
the Al coated wafer. The device wafer was facing toward and 1 inch apart from the

platinum mesh.

[0017] Figure 17 illustrates fabrication of a Probe Holder. The probe holder
has guides to connect probe ports and capillaries. Probe holders were fabricated from a
silicon wafer with growth of a 1 um silicon dioxide layer. The 2 mm wide rectangle for a
guide of probe connection ports was patterned by lithography and SiO, layer was
removed by BHF. A second lithography step was performed to pattern 360 um wide
trenches for a guide of capillaries and DRIE etched 50 pm deep. Photoresist on the
wafer was removed by positive resist stripper (PRS 2000; Avantor Performance
Materials, PA) and 40 um deep trenches and rectangles were additionally etched by
DRIE. To connect fluidic capillaries to microchannels in a probe, a union capillary of 1
cm length with 180 um ID and 360 ym OD was glued on the guiding trenches of a
probe holder with epoxy gel resin. (A) Probe ports were inserted into union capillaries
and 12 cm length of 100 um ID and 150 pym OD fluidic capillaries were joined to inlet
and outlet probe ports through the union capillary. Finally, all assembled devices were

sealed with epoxy gel resin. The probe glued to the holder as shown in (B).

[0018] Figure 18 depicts the dynamic response time of the microfabricated
probe to step change in sampled concentration. (A) lllustration of experimental setup.
Probe was inserted into a solution of water and then switched to a solution of 50 uM
fluorescein as the sample. Fluorescence was monitored downstream on the outlet
capillary. (B) Trace shows representative example for detection fluorescent change with
time beginning at switch. Delay time is 14.5 min, which corresponds to the internal
volume of ~1400 nL at the perfusion rate of 100 nL/min. Inset shows the 10% to 90%

response time. Average was 47 2 s (n=7).
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[0019] Figure 19 illustrates modeling and simulation of 1 mM dopamine
flowing through the microfabricated probe. The microfabricated probe was constructed
in COMSOL Multiphysics 4.4 (Burlington, MA) to model its recovery. The fabricated
probe has semi-circular fluidic channels; but for ease of modeling, the channels were
designed as 60 um x 24 um rectangles which gave the same cross-sectional area as
the actual probes. The total length of the channels was 8 mm in a ‘U’ shape like the
actual probe. The porous membrane was designed as a polysilicon rectangle, 5 um x
60 um, overlaid the channels. A large box was connected to the external boundary of
the membrane region for simulating the probe in a well-stirred solution. The ‘Free and
Porous Media Flow’ and ‘Species Transport in Porous Media’ physics models were
applied to the channel and membrane regions. Navier-Stokes equations modeled the
fluid (water) in the open channel with a flow rate of 100 nL/min. Fluid movement in the
porous region was defined by the Brinkman equation and a permeability of 50 nm? was
used. The porosity variable was modified to match experimental data. For the transport
of chemical species, the diffusion coefficient of dopamine, 6 x10™'° m%/s was used". The
exterior probe volume used ‘Laminar Flow’ and ‘Transport of Diluted Species’ physics
with a flow rate of 10 mL/min to simulate a well-stirred solution. Images below show
cross section of probe at the middle and end of the probe color coded for DA
concentration. A) Recovery for probe with 30% porosity and B) for 0.9% porosity.

[0020] Figure 20 illustrates histology that indicates probe placements and
minimized tissue displacement. A) The brain was implanted bilaterally by a
conventional dialysis probe (left) and the microfabricated probe (right). The brain was
cut into 40 um coronal sections and Nissl stained to show overall brain structure with
probe tracts (boxes with dashed line). B) Dotted lines indicates tracts overlaid on a rat
brain atlas diagram, corresponding to (A). C) Horizontal section of the brain. The
zoomed in images in the insets indicates the probe tract areas of both probes. As
shown, the pFab probe tract is 83% smaller than the MD probe tract.

DETAILED DESCRIPTION
[0021] Example embodiments will now be described more fully with reference
to the accompanying drawings.

[0022] In one embodiment, a method for forming a dialysis membrane over a
microfluidic channel involves forming a polysilicon layer over the channel, depositing a

layer of aluminum over the polysilicon layer, and then anodizing the aluminum layer to
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make a layer of porous anodized aluminum oxide that is a mask on top of the
underlying polysilicon layer. Finally, holes are formed in the polysilicon layer by deep
reactive ion etching through the pores of the porous anodized aluminum oxide mask to
make the dialysis membrane covering the microfluidic channel. In various
embodiments, the microchannel is formed at the surface of a silicon body. In preferred
embodiments, the silicon body is produced from a wafer of crystalline polysilicon.

[0023] Other embodiments involve the further steps of removing the porous
anodized aluminum oxide mask and depositing a fresh layer of aluminum. Then the
fresh layer of aluminum is anodized in order to provide a fresh layer of porous anodized
aluminum oxide. Advantageously, the fresh layer of aluminum and the fresh layer of
porous anodized aluminum oxide have a thickness greater than the thickness of the
porous anodized aluminum oxide mask originally formed on top of an underlying

polysilicon layer described above.

[0024] The product of the methods in various embodiments provide a
microdialysis probe made of a unitary block of material and comprising, from a proximal
end to a distal end, a body, a support shank, a shank, and a tip. An illustrative
embodiment is given in Figure 1. The body comprises an inlet port and an outlet port.
Finally, the probe further comprises a single channel in the surface of the probe that
runs from the inlet port through the shank, through the body, through the support shank,
and through the shank to the tip and back to the outlet port. A nanoporous layer covers
the channel in at least part of the shank and a solid layer covers the channel
everywhere that the porous layer does not cover the channel. In preferred
embodiments, the path of the channel is straight with a U-shape turn at the tip. The
probe is dimensioned to be used in small spaces. Optionally, the tip of the probe is

pointed to facilitate entry of the probe into a tissue.

[0025] In various embodiments, the overall length of the probe is from 2 to 11
mm. In illustrative embodiments, the thickness of the shank is 10 to 40 microns and
other parts (i.e., the body and support shank) have the same thickness as, or a greater
thickness than, the thickness of the shank. In further illustrative embodiments, the width
of the shank is 30 to 180 microns. The depth of the channel ranges from 5 to 35
microns and the width of the channel ranges from 5 to 65 microns, in various

embodiments.

[0026] In preferred embodiments, the solid layer that covers the channel
everywhere that the porous layer does not cover the channel, is formed of polysilicon.

6



10

15

20

25

30

WO 2017/100028 PCT/US2016/063930

The porous layer, on the other hand, is made of a polysilicon layer, a layer of anodized
aluminum oxide, or a layer of polysilicon and a layer of anodized aluminum. In the case
of the latter, in an embodiment the polysilicon layer covers the channel and is in contact
with the silicon probe, and the anodized aluminum oxide layer is disposed on top of the
polysilicon layer. In various embodiments, the porous layer has a thickness of 1 to 10
microns. In these or other embodiments, the porous layer covers a 0.1 to 8 mm length
of the shank, and covers at least a part of the channel. The unitary body from which the
probe is made is preferably of crystalline silicon.

[0027] The microfabricated probes are used in dialysis. In non-limiting
fashion, a method of identifying or sampling molecules in a fluid involves inserting the
tip and at least a part of the shank of a probe, as described herein, into the fluid and
then flowing a solution from the inlet port of the probe through the channel and back to
the outlet port while the probe is inserted into the fluid. A fraction or fractions of the
solution are collected as it emerges from the outlet port. A collected fraction can then
be analyzed for the presence of the molecule. In preferred dialysis procedures, the
solution and the fluid are isotonic.

[0028] The probes are also useful for reverse dialysis. In this way, a method
for delivering molecules into a fluid involves inserting the tip and at least a part of the
shank covered by the porous membrane of the probes described herein into the fluid
and flowing a solution from the inlet port of the probe through the channel and back to
the outlet port while the probe is inserted into the fluid. Here, the solution has a higher
concentration of the molecule than is found in the fluid and the molecules pass by
dialysis from the solution through the membrane into the fluid. The solution and the fluid
are preferably isotonic.

[0029] The term fluid is used for all compositions or systems that are
analyzed using the inventive microdialysis probes. It includes solutions and
suspensions in water and other solvents, and also includes physiological fluids like
blood. In addition, the term covers any biological tissue, such as organs and organ

preparations, intercellular fluid in the brain and other organs, and the like.

[0030] An embodiment of the probe is shown in Figure 1. The drawing shows
the overall probe shape. Inset micrograph A shows how the channels are disposed in
the shank of the probe. Micrograph B shows a top view of the porous membrane

covering a portion of the shank. Inset C of Figure 1 shows a detail of the probe tip. The
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outline of the channel path is shown. The white bar in inset A is 50 um. The white bar in

inset B is 500 ym and in C is 200 ym.

[0031] In various embodiments, the overall dimensions of a probe are as
follows. The overall length is from 2 to 11 mm and the probe shank length is from 1 to
10 mm. The support shank length is from 1 to 10 mm. The support shank can be the
same width as or wider than the shank. The shank width is from 30 to 180 microns. The
shank thickness is from 10 to 40 microns and other parts of the probe may be the same
or thicker.

[0032] The probe contains a channel that connects the inlet and outlet ports
of the probe. The path of the channel is such that goes near the probe tip (e.g. within 1
Mm of the tip) so that a portion of the channel is under the porous layer. The channel
path may be straight with a U-shape turn at the tip or may have any number of bends or
deviations before reaching the outlet port. The channel is from 5 to 35 microns deep
and from 5 to 65 microns wide. The channel is covered with a solid layer of material,

e.g., polysilicon, that is 1 to 5 microns thick, except for the membrane-covered region.

[0033] In illustrative embodiments, a porous layer (a nanoporous membrane)
covers a 0.1 to 8 mm length of the shank including over the channel. In these and other
embodiments, the porous layer has a plurality of pores having a diameter or dimension
of 50 to 100 nm. Diameter can be used to describe the dimension of the pores because
the pores are approximately circular. In the case of pores having a shape that is slightly
off circular, diameter is to be understood as the shortest dimension across the
nanopore. In various embodiments the nanoporous membrane comprises anodized
aluminum oxide and comprises pores straight through the membrane. The pores in
preferred embodiments are present at a density of 8 + 2 x 102 per square meter. For
example, the overall porosity is 16 to 70 percent where the porosity is defined as the
ratio of the area of the pores to the area of the membrane. The membrane is made of
polysilicon or anodized aluminum oxide. The membrane is 1 to 10 microns thick in

preferred embodiments.

[0034] In some embodiments, a second porous layer overlays the first porous
layer. This layer has similar dimensions and porosity. Pores on the two layers may or
may not be aligned to create a single pore. The materials are polysilicon or anodized

aluminum oxide.
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[0035] A dialysis membrane is a semi-permeable film containing various
sized pores. Molecules larger than the pores cannot pass through the membrane, but
small molecules can do so freely. Dialysis works by a differential diffusion across the
membrane. As used here, a dialysis membrane is a semi-permeable membrane that
has nanopores and that is disposed across the top of a microfluidic channel in order to
seal the microfluidic channel and to provide the possibility of exchanging small
molecules between a solution in the microfluidic channel and the liquid in a tissue into

which a microdialysis probe, as described herein, is inserted.

[0036] A microfluidic channel is the term used to describe channels inscribed
in the surface of a body such as crystalline silicon. The dimensions of the microfluidic
channel are on the order of microns. The microfluidic channel runs from an inlet port
through the body, support shank, and a shank to the tip and back to an outlet port of the
microdialysis probe. For simplicity, the terms channel and microfluidic channel are used
for the structure during all stages of construction, including when the channel is open or
uncovered. In later stages of construction, the channel is “covered” or “buried” in the
material of the probe so that it is bound on all sides except the inlet or outlet. In the final
product, the microfluidic channel is a conduit running from the inlet port to the outlet
port; part of the microfluidic channel is covered by a non-porous cover, while at least a
portion of the shank is covered by a non-porous cover providing a dialysis membrane.

[0037] Polysilicon or polycrystalline silicon is a high purity polycrystalline form
of silicon. Polysilicon consists of small crystals and is distinguished from
monocrystalline or single crystal silicon. Polysilicon is therefore a material consisting of

multiple small silicon crystals.

[0038] Anodized aluminum oxide is a material produced by subjecting an
aluminum to an anodizing process. Anodizing the aluminum forms aluminum oxide with
nanopores in the aluminum oxide material. The size and disposition of the nanopores in
anodized aluminum oxide is such that it can be used as a mask to provide the
nanoporous dialysis membrane of the probes described herein. In particular, in various
embodiments, it is used as a mask during lithographic processing to form a nanoporous

membrane in materials underlying the aluminum oxide.

[0039] The microdialysis probes of the current teachings are made of a body
connected to a support shank connected to a shank that ends in a tip (reading from a
proximal end to a distal end). As illustrated in the embodiment of Figure 2, the body of
the probe is more macro in size and provides ports for connecting the microdialysis

9
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probe to a source of some fluid and to analysis instruments. A microfluidic channel runs

from the inlet port into the body, through the body and the support shank, through the
shank to the tip, and returning to the outlet port in the body. As shown in Figure 2, the
support shank and shank form a needle-like body that provides, along with the tip, the
ability to insert the probe into a tissue. The support shank can be wider or thicker than
the shank for improved physical properties. The shank itself contains a semi-permeable
dialysis membrane over at least a portion. The shank ends in a tip that is fabricated to

be sharp enough to enable easy insertion into tissues to be analyzed.

[0040] The microfluidic channel runs along the surface of the microdialysis
probe, from the inlet to the body, down the support shank and the shank to the tip and
back. A semi-permeable dialysis membrane is provided to cover at least part of the
microfluidic channel of the shank. The microfluidic channel is covered by a solid non-

porous member everywhere that the nanoporous dialysis membrane does not cover.
Fabrication of the Microdialysis Probe

[0041] A process for fabricating the microdialysis probe is given in Figures 2
to 12, which illustrate 31 steps used to produce the probe. In steps 1-22, a polysilicon
layer is formed over a microfluidic channel. In step 23, a layer of aluminum is deposited
over the polysilicon layer. In step 24, the aluminum layer is anodized to make a layer of
porous anodized aluminum oxide. The porous aluminum oxide is a mask on top of the
underlying polysilicon silicon layer. In step 25, holes are formed in the polysilicon layer
by deep reactive ion etching through the porous anodized aluminum oxide mask. In this
way, a dialysis membrane covering the microfluidic channel is made. Steps 26-31

illustrate additional optional steps in fabrication.

[0042] Referring to the steps illustrated in Figures 2 to 12, the following

details are given on the individual steps of fabricating the probes.
Step 1 — RCA Cleaning of a silicon wafer

[0043] A 4 inch silicon wafer (Catalog number: OL1006, Silicon Valley
Microelectronics, Inc.) was cleaned by using Radio Corporation of America (RCA)
cleaning solution to remove a thin oxide layer, and organic and ionic contamination on
the wafer surface. The first step was organic cleaning with standard clean 1 solution
(5:1:1 mixture of deionized water, NH,OH (29%), and H,0, (30%)) at 75°C for 10 min.
The wafer was rinsed with deionized water in a flushing tank for 3 min. The second step

was removal of thin oxide layer with 1:10 solution of Hydrogen fluoride and deionized

10
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water at 25 °C for 30 seconds. The wafer was rinsed in a deionized water flushing tank

for 3 min. The third step was ionic cleaning with solution of standard clean 2 solution
(5:1:1 mixture of deionized water, HCI (39%), and H>O. (30%)) at 75°C for 10 min. The
wafer was rinsed in a deionized water flushing tank for 3 min. The fourth step was
drying with Verteq 1600 SRD Spin Rinse Dryer (SPEC Equipment) at 2000 rpm.

Step 2 — Deposit SiO. layer by wet oxidation

[0044] A 2 um SiO; layer was grown on the wafer by wet oxidation using a
Tempress TS 6604. Deposition time was calculated from growth rate (angstrom / min)
of SiO, on the wafer and oxidation process was conducted at a flow rate of 6 standard
liters per minute (SLM) of O, (10 min) in dry oxidation at 1100°C, 4.5 SLM of H, and 3.5
SLM of O (290 min) in wet oxidation, and 6 SLM of Nz anneal (10 min)..

Step 3 — Photoresist coating

[0045] 3 um of SPR220 photoresist was coated on the wafer surface using a
Suss MicroTec ACS 200 Photoresist Coater and Developer. Surface moisture was
removed at 90°C for 90 seconds and the wafer was then transferred to a spin coater. 3
um of SPR 220 photoresist was coated with 3500 rpm for 30 seconds and baked at
115°C for 90 seconds.

Step 4 — Channel patterning under UV light

[0046] The initial line for channel on a photomask (not shown) was loaded
into a Karl Suss MA6 Mask Aligner (SUSS MicroTec AG) along with the photoresist
coated wafer. Channel patterning on the photoresist was performed by exposing the
wafer through the photomask under 7 sec of UV light required for SPR220 followed by
a post bake at 115 °C for 90 sec. Finally, the wafer was developed in AZ® 300 MIF
Developer (AZ Electronic Materials) for 1 min and rinsed in deionized water for 2 min.

Step 5 — Deep reactive ion etching (DRIE) of silicon dioxide layer
[0047] The exposed SiO, was removed with SPTS deep reactive ion etching
(DRIE) at 1 pm/min for 12 min.

Step 6 — Semicircular shaped channels formed by isotropic etching

[0048] 60 um wide semicircular shaped channels were formed using a SPTS
Xactix XeF, etcher. Isotropic etching was performed on the silicon wafer with vapor
pressure 3.0 Torr of XeF», 0 Torr of Ny for 20 sec on each cycle and the total number of
cycles was 65.
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Step 7 — Remove photoresist

[0049] SPR220 photoresist on SiO, layer was removed in PRS-2000
photoresist stripper (J.T. Baker Microelectronic Materials) at 25°C for 10 min and rinsed
by deionized water for 2 min.

Step 8 — Polysilicon (poly Si) layer added by low pressure chemical vapor
deposition to close the channel

[0050] After RCA cleaning (same as step 1), channels on the silicon surface
were sealed with 3 um of polysilicon by low pressure chemical vapor deposition using a
Tempress TS 6604 operated at 610 °C, 220 mT, and 85 standard cubic centimeters per
minute of flow, yielding 5.5 nm/min of deposition rate.

Step 9 — Remove poly Si on a SiOs layer by deep reactive ion etching

[0051] The polysilicon layer on the wafer surface was etched with DRIE until
the buried SiO, layer was exposed at 2 um/min (1 min 38 sec).

Step 10 — SiO, removal by buffered hydrofluoric acid

[0052] The SiO; layer on the wafer surface was removed by treatment with
buffered hydrofluoric acid (6:1 volume ratio of 40% NH4F in water to 49% HF in water)
at 25 °C for 20 min.

Step 11 — Reseal channels by depositing layer of polysilicon

[0053] After RCA cleaning (step 1), channels on the silicon surface were
sealed by 2 um of polysilicon using low pressure chemical vapor deposition (Tempress
TS 6604) at 610 °C, 220 mT, 85 standard cubic centimeters/min of flow rate and 5.5

nm/min of deposition rate.

Step 12 — Deposit SiO, layer

[0054] A 1 um SiO, layer was deposited by low pressure chemical vapor
deposition using a Tempress TS 6604 at 920 °C, 330 mT, 60/120 standard cubic
centimeters/min of dichlorosilane (DCS) and Nitrous Oxide (N2O) flow rate and 4.7

nm/min of deposition rate.

Step 13 — Apply photoresist coating

[0055] All processes were the same as step 3.

Step 14 — Patterning and development of 100 micron wide probe shape
[0056] All processes were the same as step 4 with a probe shape patterned
photomask.
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Step 15 — Remove SiO; in a probe shape by deep reactive ion etching (DRIE)

[0057] All processes were the same as step 5.

Step 16 — Remove photoresist
[0058] All processes were the same as step 7.

Step 17 — Apply photoresist
[0059] All processes were the same as step 3.

Step 18 — Patterning and development of 160 micron wide sampling area
[0060] All processes were the same as step 4 with a sampling area patterned

photomask.

Step 19 — Deep reactive ion etching of the outline of the probe to a depth of 150
microns

[0061] Probe shape was etched by SPTS deep reactive ion etching (DRIE) at
12 pum/min for 15 min.

Step 20 — Remove SiO; layer on the sampling area

[0062] SiO. layer on the wafer surface was removed by treatment with
buffered hydrofluoric acid (a 6:1 volume ratio of 40% NH4F in water to 49% HF in water)
at 25 °C for 1 min.

Step 21 — Remove photoresist
[0063] All processes were the same as step 7.

Step 22 — Etch polysilicon layer with deep reactive ion etching (DRIE)
[0064] The 5 um polysilicon layer on the wafer surface was etched with DRIE
down to 2 um thickness at 2 um/min (1 min 30 sec).

Step 23 — Deposit aluminum layer
[0065] A 400 nm Al layer was deposited over the wafer using an e-beam

evaporator (Denton Vacuum) for 267 sec with 1.5 nm/min deposition rate.

Step 24 — Anodize aluminum layer

[0066] The Al coating was anodized by applying 60 V and 15 <C in 0.3 M
oxalic acid solution for 15 min with 100 x 100 mm platinum mesh (Alfa Aesar) as a
counter electrode, which was aligned parallel to the Al coated wafer. The device wafer
was facing toward and 1 inch apart from the platinum mesh. The wafer was rinsed with
deionized water and then treated with 5% phosphoric acid at room temperature for 50
min to widen the pores to 60 — 80 nm diameter.
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Step 25 — DRIE the polysilicon layer through the anodized aluminum oxide layer
as a mask

[0067] The polysilicon layer overlying the microchannel was etched by DRIE
at -15°C for 14 min using the anodic aluminum oxide (AAQ) layer as a mask.

Step 26 — Remove porous anodized aluminum oxide layer
[0068] The AAO membrane on the wafer was removed by treating with 5%

phosphoric acid at 65 °C for 1 hour.

Step 27 — Deposit fresh aluminum layer

[0069] A fresh 3 um Al layer was deposited using an Enerjet evaporator for
2000 sec with 1.5 nm/min deposition rate. For this step, the wafer was tilted to a 45°
angle relative to the direction of the Al deposition to prevent blocking of previous etched
holes on polysilicon layer by Al metal vapor.

Step 28 — Anodize the aluminum layer to form porous anodized aluminum oxide
layer

[0070] The Al coating was anodized at 60 V and 15 °C in 0.3 M oxalic acid
solution for 45 min with 100 x 100 mm platinum mesh as a counter electrode in a glass
beaker. The wafer was rinsed with DI water and then treated with 5% phosphoric acid
at room temperature for 90 min to widen the pores (80 — 90 nm in diameter).

Step 29 — Bond patterned wafer to a “carrier wafer”
[0071] The wafer surface with embedded AAO membrane was bonded to a

carrier wafer with Crystalbond 555 (melting point: 54°C) on a hot plate at 80°C.

Step 30 — Backside etch to a desired probe thickness
[0072] The backside of the wafer was etched by DRIE until the probe
thickness reached 40 um at 3.4 pum /min (143 min) and individual probes were no

longer connected on the backside.
Step 31 — Release individual probes in hot water

[0073] The wafer was transferred into a beaker and individual probes were
released and collected in hot water.

EXPERIMENTAL SECTION
Chemicals and materials

[0074] Unless specified otherwise, all chemicals were purchased from Sigma
Aldrich (St. Louis, MO) or Fisher Scientific (Fairlawn, NJ) and were certified ACS grade

or better. Solutions were prepared with HPLC-grade water or water purified by a Milli-Q
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system (Millipore, MA). Fused silica capillaries were purchased from Molex (Phoenix,
AZ). Epoxy glues were purchased from ITW Devcon (Danvers, MA) and Loctite
(Westlake, OH). Crystalbond Adhesive was purchased from Structure Probe (West
Chester, PA). Atrtificial cerebrospinal fluid (aCSF) consisted of 145 mM NaCl, 2.68 mM
KCI, 1.10 mM MgSOQOy4, 1.22 mM CaCl,, 0.50 mM NaH,PO4, and 1.55 mM NayHPOy,,
adjusted pH to 7.4 with 0.1 M NaOH. Unions for 360 um outer diameter (OD) capillaries
were purchased from Idex Health and Science (P-772, Oak Harbor, WA).

Microfabrication of microdialysis probe with embedded nanoporous membrane

[0075] Overview. The scheme for microdialysis probes was designed in L-
EDIT software (Tanner EDA). All processing was performed at the Lurie
Nanofabrication Laboratory at the University of Michigan. The overall probe layout is
shown in Figure 1. Probes were 11 mm long x 45 pm thick with a shank that narrowed
to 160 um wide at the tip. A microchannel with semicircular cross-section (60 x 30 um)
ran the length of the probe to form an inlet and outlet was fabricated in the surface
(Figure 1A). A 4 mm length of the probe at the tip was made porous by DRIE though an
electrochemically etched AAO membrane (Figure 1B) that was overlaid the thin Si layer
shown in Figure 1A.

Channel formation

[0076] This description is based on the fabrication steps illustrated in Figures
2to12.

[0077] Probes were fabricated on 4 inch p-type wafers (Silicon Valley
Microelectronics, Santa Clara, CA) using the process outlined in Figure 2. A 2 um
silicon dioxide layer was grown on a wafer by wet oxidation using a Tempress TS 6604
S3 tool (Figure 2). The initial line for channel etching was patterned by lithography in 3
um of SPR220 photoresist (Dow, Marlborough, MA), see Figure 2A. The exposed SiOz
was removed with DRIE using the Bosch process (which uses C4Fs as a passivation
material) with a STS Deep Silicon Etcher (Figure 2A) and semicircular shaped channels
(Figure 2B) were formed using a SPTS Xactix XeF, etcher (Allentown, PA) (Figure 3).
Channels were sealed by chemical vapor deposition (Tempress TS 6604 S3/T3) of 3
um of polysilicon. The polysilicon layer on the wafer surface was etched with DRIE until
the buried SiO, layer was exposed and then removed by treatment with buffered
hydrofluoric acid (Transene Co Inc, Danvers, MA) for 20 min (Figure 4). An additional 2
um polysilicon layer was deposited followed by the deposition of a 1 um SiO: layer for
recovery of potential damage during the polysilicon removal process (FIGURE 5) The
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probe shape was patterned by a second lithography step and exposed SiO. was
removed by DRIE. After photoresist removal in PRS 2000 (Avantor Performance
Materials, Phillipsburgh, NJ), a sampling area at the probe tip was patterned by a third
lithography step. The outline of the probe was etched by DRIE to 150 um depth and
SiO, layer on the channel was removed in buffered hydrofluoric acid (Figures 6-8).
Finally, polysilicon thickness on the sampling area was reduced to 2 um by DRIE
(Figure 9, step 22).

Membrane formation and probe release from wafe.

[0078] A 400 nm Al layer was deposited over the wafer using an e-beam
evaporator (Denton Vacuum, Moorestown, NJ), Figure 2F (FIGURE 9, step 23). The Al
coating was anodized at 60 V and 15 °C in 0.3 M oxalic acid solution for 15 min using
Pt mesh (Alfa Aesar, Ward Hill, MA) as a counter electrode (Figure 9, step 24) (see
also Figure 16).

[0079] The wafer was rinsed with deionized water and then treated with 5%
phosphoric acid at room temperature for 50 min to widen the pores (Figure 9, step 24,
pore widening is not shown as a separate step. The polysilicon layer overlying the
microchannel was etched by DRIE at -15°C using the AAO layer as a mask (Figure 10,
step 25). The AAO membrane was removed by treating with 5% phosphoric acid at 65
°C for 1 h (Figure 10, step 26) A fresh 3 um Al layer was deposited using the Enerjet
evaporator (Figure 10, step 27). (For this step, the wafer was tilted to a 45° angle in
order to prevent blocking of previous etched holes on polysilicon layer by Al metal
vapor.) The Al layer was anodized at 60 V and 15 °C in 0.3 M oxalic acid solution for 45
min and pores widened by treating with 5% phosphoric acid at room temperature for 90
min (Figure 11, step 28). The results of each process were imaged by scanning
electron microscopy (Hitachi SU8000 SEM). The wafer with embedded AAO membrane
was bonded to a carrier wafer with Crystalbond 555 (Structure Probe, Inc., West
Chester, PA) and backside etched by DRIE until the probe thickness reached 40 um
(Figure 11, step 29). Individual probes were released in hot water.

Probe holder fabrication and assembly

[0080] Resulting probes were too small and fragile to be conveniently
handled and plumbed to connection tubing; therefore, a holder was microfabricated
similar to that described previously for push-pull probes.'* ( See Lee, W. H.; Slaney, T.
R.; Hower, R. W.; Kennedy, R. T. Anal. Chem. 2013, 85, 3828-3831, the full disclosure
of which is hereby incorporated by reference). A non-limiting description of holder
fabrication and assembly is given in Figure 17. 12 cm lengths of 100 um 1.D. x 360 pm
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O.D. capillary were connected to the inlet and outlet. The outlet capillary was then

joined to a 22 cm long, 50 pym I.D. x 360 ym O.D. fused-silica capillary for fraction
collection. Flow through probes was driven using a Chemyx syringe pump (Stafford,
TX).

In vitro characterization

[0081] To determine the dynamic response during sampling, probes were
perfused with water at a flow rate of 100 nL/min and placed into a stirred vial of water
(see Figure 18A). The solution was subsequently changed to a 50 uM fluorescein
solution while recording fluorescence within the exit tubing using a fluorescence
microscope.

[0082] For study of probe relative recovery, the microfabricated probe
(“uFab”) was compared to a concentric microdialysis probe (“MD”) which was prepared
as previously described. The concentric probe had a regenerated cellulose membrane
with 18 kDa molecular weight cut-off that was 4 mm long and 220 um diameter
(Spectrum Labs, Rancho Dominguez, CA). Probes were dipped into a well-stirred vial
containing: 0.5 pM acetylcholine (ACh), dopamine (DA), 3-methoxytyramine (3-MT),
and serotonin (5-HT); 1 uM 3,4-dihydroxyphenylalanine (DOPA) and histamine (Hist);
10 pM 3,4-dihydroxyphenylacetic acid (DOPAC), y-aminobutyric acid (GABA), 5-
hydroxyindoleacetic acid (5-HIAA), homovanillic acid (HVA), phenylalanine (Phe), and
tyrosine (Tyr); 50 uM choline (Cho), serine (Ser), and taurine (Tau); and 1 mM glucose
(Gluc) in aCSF at 37°C. The aCSF was supplemented with 0.25 mM ascorbate to
protect against oxidation of analytes. After an equilibration time of 30 min, dialysates
were collected in 20 min fractions with a perfusion rate of 100 nL/min.

[0083] Dialysate samples were derivatized with benzoyl chloride and
analyzed by LC-MS, as described previously. Briefly, 1.5 uL of standards or fractions
were mixed with 3 pL of 100 mM sodium carbonate buffer at pH 11 and 3 uL benzoyl
chloride (2% in acetonitrile, v/v). The samples were mixed with 3 pL of ['*C]-labeled or
[d4]-labeled benzoylated internal standards, consisting of 5 nM ['*C]-DA, ['3C]-3-MT,
['*C]-5-HT, and ["®C]-DOPA; 10 nM [d4]-ACh and [d4]-Cho; 50 nM [*C]-GABA and
['3C]-Hist; 125 nM [**C]-DOPAC, [*®*C]-5-HIAA, and ['*C]-Tyr; 0.5 uM [**C]-Tau ad Gin;
1.25 uM ["®°C]-Phe and ['*C]-Ser; and 12.5 uM ["*C]-Gluc in 50% acetonitrile v/v
containing 1% sulfuric acid. Samples were analyzed using an Accela UHPLC interfaced
to a TSQ Quantum Ultra triple quadrupole mass spectrometer (Thermo Fisher
Waltham, MA) operated in multiple reaction monitoring mode. 3 pL samples were
injected onto a 2.1 mm x 100 mm Phenomenex biphenyl Kinetex HPLC column
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(Torrance, CA). Mobile phase A was 10 mM ammonium formate with 0.15% formic

acid, and mobile phase B was acetonitrile. The mobile phase gradient was: initial, 0%
B; 0.01 min, 19% B; 1 min, 26% B; 1.5 min, 75% B; 2.5 min, 100% B; 3 min, 100% B;
3.1 min, 5% B; and 3.5 min, 5% B at 0.45 mL/min.

In vivo sampling

[0084] All procedures were conducted according to a protocol approved by
the University Committee for the Use and Care of Animals (UCUCA). Male Sprague-
Dawley rats weighing between 250-300 g, (Harlan, Indianapolis, IN, USA) were used
for all experiments. Rats were housed in a temperature and humidity controlled room
with 12 h light/dark cycles with access to food and water ad /ibitum. Measures were
taken to prevent animal pain and discomfort throughout the experiment. All animal
experiments were within the guidelines of Animal Research Reporting in vivo
Experiments (ARRIVE).

[0085] Animals were anesthetized using 2-4% isoflurane and placed in a
stereotaxic frame (David Kopf, Tujunga, CA). Two burr holes were drilled above the
striatum +1.0 mm anterior-posterior and £ 3.0 mm lateral from bregma. The MD probe
and pFab probe were lowered into opposite hemispheres — 6.15 mm from the top of the
skull. Rats were maintained under anesthesia for the duration of the experiment using
isoflurane. Both probes were perfused with aCSF at 100 nL/min. After 1 h equilibration,
two 20 min fractions were collected for basal concentrations (2 pL per fraction) and two
more were collected after an amphetamine injection (5 mg/ kg, i.p). Following the
experiment, the probes were withdrawn from the brain using the stereotaxic frame and

the rat was euthanized. Brains were extracted to confirm probe placement.

RESULTS AND DISCUSSION
Probes

[0086] A challenge in fabricating microdialysis probes is embedding
nanoporous membranes over channels while balancing the need for sufficient physical
strength and good recovery across the membrane. The process described in Figures 2
to 12 allowed formation of a nanoporous membrane covering a total of 8 mm length of
channel (but only 4 mm length of probe because the channel has a 180° turn at the tip).
The resulting 5 pm thick membrane has straight pores that are 60-80 nm wide at a
density of 8.4 x 10"*/m? (Figure 13). 50-70 probes (representing a 50% success rate)

could be recovered from a single wafer. AAO membranes have been previously used
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as a photomask on a solid surface;®' but with these teachings, AAO is used as a DRIE

mask directly over a microchannel.

[0087] In preliminary experiments fabrication stopped at Step 25 in Figure 10
and continued at step 29 (Figure 11); however, we found that the resulting membranes
were fragile and ruptured when attempting to flow through the probe. The additional 3
um AAO membrane (Figure 10, step 27)) gave the probes sufficient mechanical
strength. A potential drawback of this approach is that the final AAO pores would not
necessarily line up exactly with the polysilicon pores; however, it was discovered that
the pore density was nevertheless sufficient to provide enough overlap and allow
molecular exchange as described below.

In vitro characterization

[0088] The response of the pFab probe to a change in concentration was
determined by switching the sampled solution from 0 pM to 50 uM fluorescein while
monitoring fluorescence at the probe outlet (see Figure 18). Fluorescence signals
began to increase 14.5 min after switching. This delay is expected because the
perfusion rate was 100 nL/min and the internal volume from sampling tip to detection
point was ~ 1400 nL. The good agreement shows that leakage through the system was
insignificant and allows accurate correlation of concentration changes in collected
fractions and time of event in the sample. Once the fluorescence signal increased, it
had a 10 - 90% rise time of 47 £ 2 s (n = 7). This rise time, which determines the best
possible temporal resolution, is close to the estimated rise time of 44 s using the
combined diffusion and Taylor dispersion equation.® The predicted rise time is 1 s for
probe channel and 43 s for combined outlet and collection capillaries. Because most of
the dispersion is in the connecting channel, it may be possible to improve temporal
resolution by using segmented flow or smaller connection capillaries.**>*

[0089] In vitro relative recovery of neurochemicals was evaluated by
comparing dialysate samples with samples taken directly from the stirred vial (Table 1).
For the pFab probe, the recovery was from 2 to 7% for selected neurochemicals. The
variation in recovery may be caused by differences in molecular structure, charge
effects, hydrophobicity, and membrane specificity. These results can be contrasted with
the nearly 100% relative recovery obtained using the traditional probe at 100 nL/min.
Compared to the MD probe, the pFab probe provides lower relative recovery values, at
least in part, because of its 6-fold smaller surface area of sampling.

[0090] Table 1 shows in vitro recovery of selected neurochemicals at flow

rate of 0.1 pL/min. The results from the microfabricated probes are compared with the
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conventional dialysis probes. Recovery values are given as mean + relative standard

deviation (n = 4 probes, 20 samples).

TABLE 1

Analyte

(tested concentration) Recovery,% RSD Recovery,% RSD (%)

(%)
Acetylcholine (500 nM) 7 24 105 9
Choline (50 pM) 6 25 99 16
3,4-Dihydroxyphenylacetic 2 30 93 11
acid (10 pM)
3,4-Dihydroxyphenylalanine (1 3 17 95 12
uM)
Dopamine (500 nM) 5 18 100 7
y-Aminobutyric acid (10 uM) 3 40 109 8
Glucose (1 mM) 3 23 97 12
Glutamine (500 uM) 2 45 104 10
Histamine (1 pM) 5 24 108 9
5-Hydroxyindoleacetic acid 5 26 100 10
(10 pM)
Homovanillic acid (10 uM) 3 40 105 10
3-Methoxytyramine (500 nM) 4 25 95 13
Phenylalanine (10 uM) 4 50 119 12
Serine (50 uM) 3 33 112 18
Serotonin (500 nM) 4 20 103 7
Taurine (50 pM) 4 30 110 8
Tyrosine (10 pM) 4 33 105 11
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[0091] To gain more insight into the recovery, computational modeling and
simulation of fluid flowing through the puFab probe was performed (see Figure 19). Initial
modeling and simulation indicated that flow rate and porosity are main variables that
significantly affect recovery. Using the diffusion coefficient for dopamine, estimated
porosity of 33% and flow rate of 100 nL/min (Figure 19 A), the simulated recovery was
98%, much larger than our observed value of 5 - 7% for dopamine. When porosity was
lowered to 1%, the simulated and actual recovery matched (Figure 19 B). These
results suggest that porosity is lower than expected. This discrepancy may be due to
several factors. The final overlaid AAO pores do not line up with the polysilicon pores
resulting in lower porosity than measured by observing the top of the membrane
surface. Some pores may also be clogged, e.g., with wax (used for wafer-mounting)
during back-side etching. Changes in probe processing or modifying surfaces may

prove useful to improve recovery. 3%

In vivo sampling

[0092] To determine their suitability for in vivo experiments, pFab probes
were used to sample from the striatum of anesthetized rats. 13 neurochemicals were
consistently detected in 20 min fractions with good signal to noise ratio (Figure 14B).
For comparison, we also sampled from the same animals with a MD probe operated at
the same flow rate. Basal concentrations from both types of probes are reported in
Table 2. Concentrations were not corrected for recovery; however, the MD probes
achieved nearly 100% recovery and therefore these concentrations can be considered
a good estimate of the in vivo concentration'’. Comparison of these concentrations with
other reports of calibrated in vivo MD experiments reveals reasonable agreement for
most neurochemicals.®**"** Acetylcholine and dopamine are generally found in low
nanomolar concentrations. Phenylalanine, 5-HIAA, and tyrosine are typically in low
micromolar range (< 10 pM) while glutamine, serine and taurine are in high micromolar
range (> 10 uM). We observed about 5 times higher concentration of glucose than prior
reports; however, our experiment was performed with anesthetized rats which may
account for this difference.

[0093] Comparison basal extracellular concentration by the microfabricated
probes, conventional probes with previous reports. The in vivo recovery for the
microfabricated probes is estimated by finding the ratio between [uFab] and [MD]. All

measurements are from sampling of the striatum of rats. Values given as mean + SEM
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MFab concentration by MD concentration, where recovery was estimated at 100%.
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[0094]

Because the MD probe recovery approaches 100% at 100 nL/min, the

in vivo recovery of pFab probe could be estimated by dividing dialysate concentrations
from pFab probes by dialysate concentrations from MD probes. This calculation
assumes that the in vivo concentration is the same on both sides of the brain and at
both probes. As shown in Figure 14, the in vitro recovery and estimated in vivo recovery
of the uFab probe are comparable for 7 of the neurochemicals. For several compounds
(GIn, HVA, Tyr, Ach, DOPAC, and Ser) the estimated in vivo recovery is significantly
higher than in vitro recovery. The origin for this difference is not clear. It is possible that
active processes and mass transport within the brain is sufficiently different from in vitro
for these analytes to cause the in vitro recovery to differ from the in vivo recovery.***
Another interpretation is that the actual basal concentrations from the sampling site of

uFab probe are higher than the concentrations from MD probe sampling. Such
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discrepancies could be due to differences in local concentrations (different areas were

sampled) or to artifacts that result from different tissue reactions due to membrane
material and probe size.

[0095] To assess the probe performance in response to dynamic in vivo
chemical changes, the pFab and MD probes were simultaneously used to monitor
concentration changes of DA and other neurochemicals after AMPH administration.
When expressing the changes as a percent of baseline, nearly identical changes are
seen at both the MD and pFab probes as shown in Figure 5. The large change of about
4300% for DA is in agreement with expected effect of AMPH which inhibits uptake and
promotes secretion of DA.*® Other measured neurochemicals that have significant
changes (p < 0.05, Student’s t-test) in their post drug levels were DOPAC, DOPA, HVA,
5-HIAA, and Tyr. The overall results show the pFab probe provides dynamic
measurements nearly the same to a MD probe under the conditions of 100 nL/min flow
rate and 20 min fractions.

[0096] Histological examination of the sampling sites from both types of
probes were performed to visualize overall probe placement within the brain (see
Figure 20). The pFab probe generates a much smaller tract than the MD probe as
expected. This difference presumably results in lower tissue damage.

Conclusions

[0097] The in vivo results show that the pFab probe can be reliably used for
studying neurochemicals and monitoring dynamic chemical changes in live animal
brain. The chief advantage of the probes is that they have 79% smaller cross-section
than conventional MD probes and therefore can be used in smaller subjects and brain
regions. The low recovery at 100 nL/min is a drawback of these probes; however,
preliminary experiments suggest that small changes membrane fabrication will mitigate
this issue. Fortunately, the excellent sensitivity of LC-MS allows many neurochemicals
to be detected even at this recovery. A likely route to improve temporal resolution and
detect less abundant analytes is to use miniaturized analytical methods like capillary
LC, CE, or droplet enzyme assays.***"°! The sensitivity of such methods would allow
good temporal resolution while preserving the advantages of better spatial resolution
and lower tissue damage. The use of microfabricated probes may allow integration of
other functionality such as electrodes for chemical or potential sensing, microfluidics for
sample preparation (e.g., derivatization), or droplet formation for fraction collection at
nanoliter scale. The probe may also be utilized for other applications that require
continuous chemical sampling or delivery from microenvironments.
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CLAIMS

What is claimed is:

1. A method for forming a dialysis membrane over a microfluidic channel,
comprising:

forming a polysilicon layer over the channel;

depositing a layer of aluminum over the polysilicon layer;

anodizing the aluminum layer to make a layer of porous anodized aluminum
oxide that is a mask on top of the underlying polysilicon layer;

forming holes in the polysilicon layer by deep reactive ion etching through the
porous anodized aluminum oxide mask to make the dialysis membrane covering the

microfluidic channel.

2. The method of claim 1, wherein the microchannel is formed at the surface

of a silicon body.

3. The method of claim 1, further comprising removing the porous anodized
aluminum oxide mask, depositing a fresh layer of aluminum, and anodizing the fresh

aluminum layer to provide a fresh layer of porous anodized aluminum oxide.

4. The method of claim 3, wherein the fresh layer of aluminum and the fresh
layer of porous anodized aluminum oxide has a thickness greater than the thickness of

the porous anodized aluminum oxide mask.

5. A microfabricated microdialysis probe made of a unitary block and
comprising, from proximal to distal end, a body, a support shank, a shank, and a tip,
wherein the body comprises an inlet port and an outlet port;

the probe further comprising a single channel in the surface of the probe and
running from the inlet port to the shank and back to the inlet port,

wherein a porous layer covers the channel in at least part of the shank and a
solid layer covers the channel everywhere the porous layer does not, wherein the

porous layer has a plurality of pores having a diameter in the range of 50 nm to 100 nm.

6. The probe according to claim 5, wherein the channel path is straight with
a U-shape turn at the tip.
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7. The probe according to claim 5, wherein the tip is pointed to facilitate

entry of the probe into a tissue.

8. The probe according to claim 5, wherein the overall length of the probe is
210 11 mm.
9. The probe according to claim 5, wherein the thickness of the shank is 10

to 40 microns and the other parts have the same thickness as or a greater thickness
than the shank.

10.  The probe according to claim 9, wherein the width of the shank is 30 to
180 microns.

11.  The probe according to claim 5, wherein the depth of the channel is 5 to
35 microns and the width of the channel is 5 to 65 microns.

12. The probe according to claim 5, wherein the solid layer comprises

polysilicon.

13. The probe according to claim 5, wherein the porous layer comprises

anodized aluminum oxide.

14.  The probe according to claim 5, wherein the porous layer comprises a
polysilicon layer and a layer of anodized aluminum oxide, wherein the polysilicon layer
covers the channel and is in contact with the silicon probe and the anodized aluminum
oxide layer is disposed on top of the polysilicon.

15.  The probe according to claim 5, wherein the porous layer has a thickness
of 1 to 10 microns.

16.  The probe according to claim 5, wherein the porous layer covers a 0.1. to

8 mm length of the shank, including over a portion of the channel.
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17.  The probe according to claim 5, wherein the unitary body is made of

silicon.

18.  The probe according to claim 5, wherein the porous layer is characterized
by a pore density of 8 + 2 x 10" per square meter.

19.  The probe according to claim 5, wherein the porous layer is characterized
by a porosity of 16 to 70 percent, where the porosity is defined as the ratio of the area
of the pores to the area of the membrane.

20. A method of identifying molecules in a fluid, comprising inserting the tip
and at least a part of the shank of the probe according to claim 5 into the fluid, flowing a
solution from the inlet port through the channel and back to the outlet port while the
probe is inserted, collecting a fraction or fractions of the solution as it emerges from the
outlet port, and analyzing the collected fraction or fractions for the presence of the

molecule.

21.  The method according to claim 20, wherein the solution and the fluid are

isotonic.

22. The method according to claim 20, wherein the porous layer is
characterized by a pore density of 8 + 2 x 10™ per square meter.

23. The probe according to claim 20, wherein the porous layer is
characterized by a porosity of 16 to 70 percent, where the porosity is defined as the
ratio of the area of the pores to the area of the membrane.

24. A method for delivering molecules into a fluid, comprising inserting the tip
and at least a part of the shank covered by the porous membrane of the probe
according to claim 5 into the fluid, flowing a solution from the inlet port through the
channel and back to the outlet port while the probe is inserted, wherein the solution has
a higher concentration of the molecule than the fluid and the molecules pass by dialysis

from the solution through the membrane into the fluid.
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25.  The method according to claim 24, wherein the solution and the fluid are

isotonic.

26. The method according to claim 24, wherein the porous layer is
characterized by a pore density of 8 + 2 x 10 per square meter.

27. The probe according to claim 24, wherein the porous layer is

characterized by a porosity of 16 to 70 percent, where the porosity is defined as the
ratio of the area of the pores to the area of the membrane.

31



PCT/US2016/063930

WO 2017/100028

1/20

R

§ mm
g Dialysis

&

FIGURE 1

SUBSTITUTE SHEET (RULE 26)



000000000000000000000000000000

\ AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
................................................................................................................................................................................................................

S R B R R T, R
.\\;;-;;\;;-;&_ \ Dok B \\ R AR ;.;.-\.-.- Saiadahhariddiha -.-.-.-.\....\\;;-;; TR R bRt b Bk B ok St R

R R R R R S TR R v \-\ R R D R R e



3/20

....................................................................................
...............................................................................................................................................................................................................................................................................................................................
T T D T T R SN

\\ \ \ \ R A \\ .........

\\\ \\

FIGURE 3

SUBSTITUTE SHEET (RULE 26)



TR N R
RN
..................

.. j

e §§§§§3 »

il . \\\\\\\\\\\\\\\\\

FIGURE 4

2
2
3
3
3

R
RN

R
2

SUBSTITUTE SHEET (RULE 26)



WO 2017/100028 PCT/US2016/063930
5/20

ZaRRiaes

S
3

S

A
N

N

....... 3

SN 3

FIGURE 5

SUBSTITUTE SHEET (RULE 26)



WO 2017/100028 PCT/US2016/063930
6/20

\\\\\\\\\\\\\\\\

FIGURE 6

SUBSTITUTE SHEET (RULE 26)



WO 2017/100028 PCT/US2016/063930
7120

FIGURE 7

SUBSTITUTE SHEET (RULE 26)



WO 2017/100028 PCT/US2016/063930
8/20

&& » Soon

x R
ARERETT RN

Stepld

N
Ry

R
R o

$
TR o RS
NS g S R

FIGURE 8

SUBSTITUTE SHEET (RULE 26)



WO 2017/100028 PCT/US2016/063930
9/20

2
R
R
R
oS
S
R

N

FIGURE 9

SUBSTITUTE SHEET (RULE 26)



WO 2017/100028 PCT/US2016/063930
10/20

.....

XN

NOAREREREREE R R R T
e
E o
E e
E i
; S

R 00 & S
CStep s

g

NN \
3 a5

T

3 B

\z &

= &

\1 %

= &

3 i\“:l

S 3 \Q
e = &
N : ;“Q
3 %

X

S
e
\

S

3

NARR 3

R
32

i
3

s

FIGURE 10

SUBSTITUTE SHEET (RULE 26)



PCT/US2016/063930

11/20

WO 2017/100028

%
m\\

2

B
#

%

.

i
TR 55

IS
BARLL .

%%
A

44

74

wa. A1
%4

%

7%

BRI,
......

7
4
Z
2
SIS s st
9,
74
%

”

4

v

i

G

A P
3333333\\\\\\

AR B995888ERRIRAIAL

A,

.\

B,
I
B5555555555 155

vvvvvvvv

7%
7%
%
2
%

FIGURE 11
SUBSTITUTE SHEET (RULE 26)



PCT/US2016/063930

WO 2017/100028

12/20

e

FIGURE 12

SUBSTITUTE SHEET (RULE 26)



PCT/US2016/063930

WO 2017/100028

13/20

N
7 2 \\

FIGURE 13

2

™

” R
,

e.\mm

AALD meamibran

SUBSTITUTE SHEET (RULE 26)



WO 2017/100028 PCT/US2016/063930
14/20

&

m
et

¢ g 2 3
Thevwe {oning

FIGURE 14

SUBSTITUTE SHEET (RULE 26)



PCT/US2016/063930

WO 2017/100028

15/20

L AR
%

W A

“\\\\\\\\\\\\\\\\\\\\\\\

e A

T

£ e
S8

e

K\\\\\\\\\\\\\

Fovococoosoeees

D
L

g 2 ¢ °

%
& \\\\\

\\\\\x

Tioe foing

%

»
-
$25 see°

§m§§ %,

&’*&&%

m\\\\\\\\\\\\\\\\\

Ferrssrazzeessrrssik

&

Bppsssssssssssssssstrn,

Yyr
Time (min)

e e S

§EE b

K e

G s

P ey
Z
\\\\\\\\\\\\\\\\\\\\\\\ 3

T §‘§§§§§§§

I,
%

R R 0

% e,
Gecctsecoseatsectsectstects e w
........................... . 4

W\\\\\\\\\\\\\\\\\\\\\\ 4

Kl
. \“\\\\\\\\\\\\\\\\\\\\\\\. ;. \\ m
§ S 5

N\\\\\\\\\\\\\\, 1

Dovoreeroreerrrdy,

FIGURE 15

SUBSTITUTE SHEET (RULE 26)



WO 2017/100028 PCT/US2016/063930
16/20

N ﬁ\\

N
N
X
¥

RN

g

Blatinum

Al costed waley

FIGURE 16

SUBSTITUTE SHEET (RULE 26)



WO 2017/100028 PCT/US2016/063930
17/20

FIGURE 17

SUBSTITUTE SHEET (RULE 26)



PCT/US2016/063930

WO 2017/100028

18/20

M -

m m

s GUUL AIEYSRIOTLE SIS

FIGURE 18

SUBSTITUTE SHEET (RULE 26)



WO 2017/100028 PCT/US2016/063930
19/20

inlet O

30% porosity
BE% recovery

e
s} ORIy

End £.9% porosity

8.7% recovery

FIGURE 19

SUBSTITUTE SHEET (RULE 26)



WO 2017/100028 PCT/US2016/063930
20/20

MG
S g
®
®
*
»
*®

aerteiis
‘ s

FIGURE 20

SUBSTITUTE SHEET (RULE 26)



INTERNATIONAL SEARCH REPORT International application No.
PCT/US2016/063930

Box No.II Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. Claims Nos.:
because they relate to subject matter not required to be searched by this Authority, namely:

2. Claims Nos.:
because they relate to parts of the international application that do not comply with the prescribed requirements to such an
extent that no meaningful international search can be carried out, specifically:

3. |:| Claims Nos.:
because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. Il Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:
Group I . Claims 1-4, drawn to a method for forming a dialysis membrane over a microfluidic channel.

Group II. Claims 5-27, drawn to a microfabricated microdialysis probe made of a unitary block and a method of
identifying/delivering molecules in a fluid.

1. |:| As all required addtional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

2. As all searchable claims could be searched without effort justifying an additional fees, this Authority did not invite payment
of any additional fees.

3. |:| As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. |:| No required additional search fees were timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

Remark on Protest [l The additional search fees were accompanied by the applicant's protest and, where applicable, the
payment of a protest fee.
The additional search fees were accompanied by the applicant's protest but the applicable protest
fee was not paid within the time limit specified in the invitation.
|:| No protest accompanied the payment of additional search fees.

Form PCT/ISA/210 (continuation of first sheet (2)) (January 2015)



ATIONAL SEARC (8) International application No.
[NTERRATIONAL SEARCH REPORT PCT/US2016/063930

A. CLASSIFICATION OF SUBJECT MATTER
A61B 5/145(2006.01)i, A61B 5/00(2006.01)i, C25D 11/04(2006.01)i, BO1D 71/02(2006.01)i

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)
A61B 5/145; GOIN 13/00; GOIN 27/26;, A61M 1/00; A61M 1/16; GOIN 11/10; A61M 1/18; A61B 5/00, C25D 11/04, BO1D 71/02

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched
Korean utility models and applications for utility models
Japanese utility models and applications for utility models

Electromic data base consulted during the international search (name of data base and, where practicable, search terms used)
¢KOMPASS(KIPO internal) & Keywords: dialysis, membrane, microfluidic, channel, probe, layer, identifying, molecules

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category™ Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

A US 2014-0069861 A1 (STATE OF OREGON ACTING BY AND THROUGH THE STATE BOARD O 1-27
F HIGHER EDUCATION ON BEH et al.) 13 March 2014
See paragraph [71] and figures 1-4.

A US 2001-0045122 A1 (EHWALD et al.) 29 November 2001 1-27
See paragraphs [34]1,[351, claims 27,28 and figures 1,2.

A US 05462645 A (ALBERY et al.) 31 October 1995 1-27
See column 5, lines 44-47, claims 1-8 and figure 1.

A WO 2014-053840 A1 (THE UNIVERSITY OF BATH) 10 April 2014 1-27
See page 7, lines 24-36 and claim 2.

A JP 2010-504787 A (PROBE SCIENTIFIC LIMITED) 18 February 2010 1-27
See claims 10-12 and figures 1-3.

. . . . N7 .
|:| Further documents are listed in the continuation of Box C. See patent family annex.
* Special categories of cited documents: "T" later document published after the international filing date or priority
"A" document defining the general state of the art which is not considered date and not in conflict with the application but cited to understand
to be of particular relevance the principle or theory underlying the invention
"E"  earlier application or patent but published on or after the international "X" document of particular relevance; the claimed invention cannot be
filing date considered novel or cannot be considered to involve an inventive
"L"  document which may throw doubts on priotity claim(s) or which is step when the document is taken alone
cited to establish the publication date of another citation or other "Y" document of particular relevance; the claimed invention cannot be
special reason (as specified) considered to involve an inventive step when the document is
"O"  document referring to an oral disclosure, use, exhibition or other combined with one or more other such documents,such combination
means being obvious to a person skilled in the art
"P"  document published prior to the international filing date but later "&" document member of the same patent family
than the priority date claimed
Date of the actual completion of the international search Date of mailing of the international search report
10 March 2017 (10.03.2017) 15 March 2017 (15.03.2017)
Name and mailing address of the ISA/KR Authorized officer
: International Application Division
Korean Intellectual Property Office Lee, Eun Kyu
189 Cheongsa-ro, Seo-gu, Daejeon, 35208, Republic of Korea
Facsimile No. +82-42-481-8578 Telephone No. +82-42-481-3580

Form PCT/ISA/210 (second sheet) (January 2015)




INTERNATIONAL SEARCH REPORT International application No.

Information on patent family members PCT/US2016/063930
Patent document Publication Patent family Publication
cited in search report date member(s) date
US 2014-0069861 Al 13/03/2014 AU 2005-294236 Al 20/04/2006
AU 2005-294236 Al 20/04/2006
CA 2583360 Al 20/04/2006
CA 2583360 C 26/01/2016
CN 101084054 A 05/12/2007
CN 101084054 B 21/03/2012
EP 1804959 Al 11/07/2007
EP 1804959 A4 03/06/2009
EP 1804959 B1 26/02/2014
ES 2458140 T3 30/04/2014
JP 2008-515551 A 15/05/2008
KR 10-2007-0083967 A 24/08/2007
US 2008-093298 Al 24/04/2008
US 2012-223015 Al 06/09/2012
US 8128822 B2 06/03/2012
US 8419945 B2 16/04/2013
WO 2006-042079 Al 20/04/2006
US 2001-0045122 Al 29/11/2001 US 7284413 B2 23/10/2007
US 05462645 A 31/10/1995 EP 0604542 Al 10/06/1998
WO 93-05701 Al 01/04/1993
WO 2014-053840 Al 10/04/2014 EP 2904375 Al 12/08/2015
JP 2015-5635937 A 17/12/2015
US 2015-0247864 Al 03/09/2015
JP 2010-504787 A 18/02/2010 AU 2007-301754 Al 03/04/2008
AU 2007-301754 B2 16/05/2013
CA 2664134 Al 03/04/2008
CN 101563036 A 21/10/2009
CN 105997100 A 12/10/2016
EP 2079369 A2 22/07/2009
GB 2442209 A 02/04/2008
GB 2442209 B 18/01/2012
JP 5393464 B2 22/01/2014
MX 2009003367 A 31/08/2009
NO 20091693 A 23/06/2009
RU 2009115246 A 10/11/2010
RU 2470590 C2 27/12/2012
SG 175561 Al 28/11/2011
US 2010-0016779 Al 21/01/2010
US 8790586 B2 29/07/2014
WO 2008-038015 A2 03/04/2008
WO 2008-038015 A3 03/07/2008

Form PCT/ISA/210 (patent family annex) (January 2015)



	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - claims
	Page 31 - claims
	Page 32 - claims
	Page 33 - claims
	Page 34 - drawings
	Page 35 - drawings
	Page 36 - drawings
	Page 37 - drawings
	Page 38 - drawings
	Page 39 - drawings
	Page 40 - drawings
	Page 41 - drawings
	Page 42 - drawings
	Page 43 - drawings
	Page 44 - drawings
	Page 45 - drawings
	Page 46 - drawings
	Page 47 - drawings
	Page 48 - drawings
	Page 49 - drawings
	Page 50 - drawings
	Page 51 - drawings
	Page 52 - drawings
	Page 53 - drawings
	Page 54 - wo-search-report
	Page 55 - wo-search-report
	Page 56 - wo-search-report

