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Abstract
Microfabricated fluidic systems have emerged as a powerful approach for chemical analysis.
Relatively unexplored is the use of microfabrication to create sampling probes. We have
developed a sampling probe microfabricated in Si by bulk micromachining and lithography. The
probe is 70 μm wide by 85 μm thick by 11 mm long and incorporates two buried channels that are
20 μm diameter. The tip of the probe has two 20 μm holes where fluid is ejected or collected for
sampling. Utility of the probe was demonstrated by sampling from the brain of live rats. For
sampling, artificial cerebral spinal fluid was infused in through one channel at 50 nL/min while
sample was withdrawn at the same flow rate from the other channel. Analysis of resulting
fractions collected every 20 min from the striatum of rats by liquid chromatography with mass
spectrometry demonstrated reliable detection of 17 neurotransmitters and metabolites. The small
probe dimensions suggest it is less perturbing to tissue and can be used to sample smaller brain
nuclei than larger sampling devices, such as microdialysis probes. This sampling probe may have
other applications such as sampling from cells in culture. The use of microfabrication may also
enable incorporation of electrodes for electrochemical or electrophysiological recording and other
channels that enable more complex sample preparation on the device.

Introduction
Microfabrication techniques have fostered a revolution in chemical measurement by
allowing multiple analytical operations such as mixing, separation, and detection to be
integrated in microfluidic circuits.1–4 These devices offer improved automation,
performance, portability, and efficiency of sample and reagent usage. Much less attention
has been paid to using microfabrication to create microfluidic sampling devices.
Microfabrication may allow development of sampling probes that are miniaturized for
sampling from microenvironments, incorporate sample processing steps, and create samples
that better match the low volume requirements of microfluidic devices. In this work we
describe a sampling probe fabricated in Si using lithographic patterning and bulk
micromachining. The probe is demonstrated for sampling from the brain of live animals.

In vivo chemical measurement is an important approach in neuroscience because it allows
neurotransmitter dynamics to be measured in intact systems and correlated to behavior.
Microdialysis is well-established for in vivo sampling5–11; however, microdialysis probes
are typically 200 to 500 μm diameter with 1 to 4 mm long sampling area, resulting in
relatively poor spatial resolution. Miniaturization of sampling probes is highly desirable
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because small clusters of cells control specific functions in the brain.12 Tissue damage due
to probe insertion13, which has the potential to confound measurements, may also be
reduced by probe miniaturization.

Spatial resolution can be improved by using low-flow push-pull perfusion in which sample
is withdrawn through one capillary and make-up fluid is pumped from another, closely
spaced, capillary.14 In this way, sampling occurs just at the probe tip.14, 15 Tissue
perturbation is kept low by using flow rates < 50 nL/min. These probes have been
constructed from fused silica capillary tubes such that the total diameter is 220 to 440
μm.14, 16, 17 Although low-flow push-pull perfusion has improved spatial resolution, the
limitations of fused silica capillary led us to employ microfabrication which could offer
smaller probe dimensions and potential for incorporating more functions into the sampling
system.

Microneedles with small overall dimensions have been microfabricated in metal18, 19,
polymer20, 21, glass22, 23, Si24–26, and ceramic27. These devices provide precedent for
creating small fluidic elements; but, they have only been used for chemical delivery (e.g,
microinjection) rather than sampling. A “chemistrode” microfabricated in PDMS has been
reported for sampling by segmented flow; however, the overall dimensions are not suitable
for insertion into tissue and the sampling method requires flow against a surface.28

Microfabrication of a microdialysis probe has been reported, but not tested for sampling.29

We report microfabrication of low-flow push-pull sampling probes with small overall
dimensions. The probes were used in striatum of live rat brain to demonstrate feasibility of
sample collection from a complex environment. Samples were analyzed with liquid
chromatography–electrospray ionization-mass spectrometry (LC-ESI-MS) to measure 17
neurochemicals.

Experimental
Design and microfabrication of low flow push-pull probe

Sampling probes were designed in L-EDIT software (Tanner EDA). The final product was
11 mm in length, 84 μm in width along the shank, and 70 μm thick with 2 fluidic channels
of 20 μm inner diameter (ID) buried in the probes (see Figure 1). Orifices for inlet and outlet
were placed 10 μm above the probe sampling tip. Ports were created on the opposite end for
connection to pumps and sample collection devices. Probes were fabricated on 4 inch
silicon-on-insulator (SOI) wafers (University Wafer, MA) which had a 70 μm thick Si layer
over a 1 μm thick insulator layer over a 500 μm thick Si wafer. The fabrication process,
which is based on buried channel technology (BCT)30, is outlined in Figure 2 with details
given in Supporting Information.

In Vivo Sampling
Si sampling probes were inserted steretoxically over a period of 2 min into the striatum
through a burr hole in the skull to a depth of 5 mm (see supporting information for surgical
and sampling details).31 Probes were perfused at 50 nL/min (each channel). After 1 h of
perfusion, a total of 4 to 8 fractions (corresponding to 80 to 160 min sampling time) of 1 μL
each were collected from each of three animals. Samples were derivatized with benzoyl
chloride and analyzed by LC-ESI-MS, as described elsewhere.32 Analytes were quantified
as the ratio of analyte to 13C-labeled internal standards in comparison to a standard curve.
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Results and Discussion
Probe fabrication

Probes were fabricated into the design shown in Figure 1. The length of probes is sufficient
to reach deep brain structures in laboratory animals. The tip and shank dimensions (70 × 84
μm) present a surface area (~6,000 μm2) to tissue that is just 15% of that in previous push-
pull designs or small microdialysis probes (~36,000 μm2) so that much less tissue is
displaced during sampling. Si was used as the material because it could provide the rigidity
necessary to be inserted into tissue for such thin probesand is easily processed.
Approximately 150 probes are fabricated per processing run on a single 4 inch wafer
allowing high efficiency of production.

A challenge in fabricating microneedle devices is enclosing a fluidic channel given the
intrinsic stresses and fragility of such structures. The approach we used is based on buried
channel technology (BCT).30, 33 In this process, lithographically defined trenches are dug by
deep reactive ion etching. Trenches are expanded by isotropic etching then sealed (see
Figure 2 and supporting information.) This process yielded straight probes and round,
smooth channels with good fidelity (Figure 1). Wet anisotropic etching has previously been
utilized for fabrication of microneedles, but presents difficulty in fabrication of tees, corners,
and other fluidic geometries due to rapid etching of convex edges.34 Other techniques for
fabricating channels were considered such as the assembly of two fabricated substrate
materials with bonding35, surface micromachining with 3D BCT,36 and use of sacrificial
material.29 Compared to these methods, we found BCT effective because it has no
alignment error as possible during bonding two substrates, higher smoothness and
mechanical strength of a channel wall than 3D BCT, and low cost compared with sacrificial
material method due to short term of the furnace process.

Probe holder
Another challenge in utilizing microfluidic devices for sampling is the need to couple
devices to the “outside world” with leak-free connections for delivery of fluid and removal
of analytes from a sampling probe. For removing sample at low flow rates, the dead volume
of the connection must be low. For connections, a port was fabricated on top of the probe
that was 70 μm square and 1 mm long. To connect these ports to fused silica capillaries, we
microfabricated a probe holder that allowed the port channel and lumen of a connector
capillary to be aligned and sealed inside a “union” fused silica capillary (see Supporting
Information Figure S1 and Experimental for details). While some dead volume is inevitable,
the probe holder allowed convenient coupling between probe and capillaries and provided a
“handle” for manipulating the probe.

In vivo sampling
To demonstrate utility of the Si probes, we used them to sample from the striatum of
anesthetized rats. Figure 3 illustrates a chromatogram for 17 neurotransmitters and
metabolites from a single, 1 μL fraction collected at 50 nL/min. The average concentration
of analytes detected by this method are (in nM ± SEM): acetylcholine = 26 ± 12, adenosine
= 39 ± 21, aspartate = 530 ± 110, dopamine = 19 ± 7, γ-aminobutyric acid = 78 ± 30,
glutamate = 1100 ± 500, glycine = 3000 ± 600, histamine = 5.9 ± 1.5, norepinephrine = 1.5
± 1.3, and serotonin = 0.36 ± 0.16. In vivo concentrations were not corrected for recovery,
but we found recovery to be 93 ± 5% (n = 3) for fluorescein in a stirred vial. It is difficult to
compare results between studies because many variables that can affect recovered
concentrations such as probe recovery, anesthesia, and animal age. Nevertheless it is
apparent that pattern of concentrations is mostly as expected (see Table S1 for comparison
data).37–45 Acetylcholine and dopamine are typically low nanomolar while GABA and
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adenosine are somewhat higher. Norepinepherine is expected to be substantially lower than
dopamine in striatum. Glutamate is generally in the low micromolar range. Several reports
of aspartate show low nanomolar concentration but we observed 530 nM. This may relate to
the anesthesia. Variation was higher than reported for microdialysis which may be due to
greater variation when sampling from a smaller space, low number of replicates, or
experimental artifacts (noise in low volume measurements or measurements taken soon after
probe implant). Further work is required to better understand these effects. Sampling was
completed for up to 160 min (longer times were not attempted) with no failures or clogging
showing the potential for reliable operation in tissue. These results show that it is possible to
reliably collect quantifiable amounts of all the low molecular weight neurotransmitters and
many of their metabolites by this approach.

We did not attempt to measure concentration changes in the brain; however, in vitro tests
showed that sampling through the probe we could record concentration changes with 26 s
response time (Figure S2). This time would be the best possible temporal resolution with the
current configuration; however, practically temporal resolution will be limited by the
amount of sample needed for analysis. Histological examination of the sampling sites where
dye was infused showed remarkably localized lesions (Figure S3) relative to that typically
seen for microdialysis or push-pull perfusion suggesting the potential for lower tissue
damage.

Conclusions
Bulk micromachining of silicon wafers is a viable way to fabricate push-pull sampling
probes. The small size of the probes relative to other in vivo sampling probes results in the
ability to place the probe in smaller brain regions. Further, these probes displace less tissue
than other sampling probes and therefore result in less tissue disruption. Although small
samples are recovered, it is possible to use LC-MS to measure neurotransmitters and
metabolites. Microscale analytical methods like CE or capillary LC may be better suited for
analyzing the small fractions17, 46 and will allow better temporal resolution. The probes have
intriguing potential for further development and other applications. It may be possible
fabricate electrodes onto the probes for simultaneous electrical or electrochemical
measurements.47 It may also be possible to fabricate additional channels for sample
preparation (e.g., derivatization or to segment flow for improved temporal resolution). While
the probes were applied to brain tissue, they may also have application to other
microenvironments such cultured cells. It may be of interest to use the probe for selective
delivery of reagents or drugs using hydrodynamic confinement principles reported for
microfabricated pipettes.20

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Layout of probe with scanning electron micrographs of different sections. Drawing at right
shows the probe layout. Dark lines in interior are buried channels with 20 μm diameter. (a)
Port where connection is made to capillaries. Drawing shows close view and micrograph
shows cross section from a probe that was broken to show the buried channel. (Probes had 3
ports. Two were in use for these designs; the third is available for a possible 3rd fluidic arm,
but was not used in this work). (b) Micrograph of channel after backside etching to reveal
the channels. Slight defect is due to partial unfinished backside etching. (c) Close up
drawing and micrograph of the sampling orifice.
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Figure 2.
Sequential steps for microfabrication of Si probe. Device is shown in cross-section. 20 μm
wide channels were formed using Xactix XeF2 (isotropic etching) through 30 μm deep
trenches and sealed with poly silicon. Deep reactive ion etching (DRIE) then cut probe
shapes and sampling orifices. Probes were thinned by the backside etching by DRIE on a
silicon support and released in hot water. See Experimental in supporting information for
details.
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Figure 3.
Mass chromatograms of a representative fraction (1 μL) collected from the striatum of an
anesthetized through the Si probe. The trace for each of the 17 neurotransmitters and
metabolites labeled were from a particular MS → MS transition monitored by LC-MS as
described elsewhere.32 Abbreviations used are: acetylcholine (ACh), taurine, histamine
(Hist), serine (Ser), aspartate (Asp), glycine (Gly), glutamate (Glu), γ-aminobutyric acid
(GABA), adenosine, 5-hydroxyindoleacetic acid (5-HIAA), homovanillic acid (HVA),
normetanephrine, 3,4-dihydroxyphenylacetic acid (DOPAC), serotonin (5-HT), 3-
methoxytyramine (3-MT), norepinephrine (NE), dopamine (DA).
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