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Abstract

An essential approach for in vivo chemical monitoring is to use sampling probes coupled with 

analytical methods; however, this method traditionally has limited spatial and temporal resolution. 

To address this problem, we have developed an analytical system that combines microfabricated 

push-pull sampling probes with droplet-based microfluidics. The microfabricated probe provides 

approximately 1000-fold better spatial resolution than common microdialysis probes. 

Microfabrication also facilitated integration of an extra channel into the probe for microinjection. 

We have created microfluidic devices and interfaces that allowed manipulating nanoliter droplet 

samples collected from the microfabricated probe at intervals of a few seconds. Use of droplet-

based microfluidics prevented broadening of collected zones, yielding 6 s temporal resolution at 

100 nL/min perfusion rates. Resulting droplets were analyzed by direct infusion nanoelectrospray 

ionization (nESI) mass spectrometry for simultaneous determination of glutamine, glutamate, γ-

aminobutyric acid, and acetylcholine. Use of low infusion rates that enabled nESI (50 nL/min) was 

critical to allowing detection in the complex samples. Addition of 13C-labeled internal standards to 

the droplet samples was used for improved quantification. Utility of the overall system was 

demonstrated by monitoring dynamic chemical changes evoked by microinjection of high 

potassium concentrations into the brain of live rats. The results showed stimulated neurochemical 

release with rise times of 15 s. This work demonstrates the potential of coupling microfabricated 

sampling probes to droplet-based mass spectrometric assays for studying chemical dynamics in a 

complex microenvironment at high spatiotemporal resolution.
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INTRODUCTION

Measuring the concentration dynamics of neurotransmitters and metabolites in vivo is a 

powerful way to investigate brain function1–5. Techniques such as microdialysis 

sampling6–8, electrochemical sensors9,10, genetically-encoded sensors11,12, and positron 

emission tomography13,14 have all been used for this purpose. An ideal method would allow 

high temporal and spatial resolution, be minimally invasive, allow multiple component 

measurements, and have easily tuned selectivity for sensing. None of the techniques 

currently in use fully meets this ideal; but, each has significant strengths so that the methods 

are largely complementary. Sensors have excellent temporal and spatial resolution but tuning 

the selectivity and measuring several compounds at once are significant challenges. 

Microdialysis allows multicomponent measurements and easily tuned selectivity; however, 

temporal and spatial resolution significantly lag sensors. In this work, we integrate several 

recent advances in microfluidics and mass spectrometry (MS) to create a sampling and 

analysis system that has good temporal and spatial resolution but is also readily applied to 

multicomponent measurements and tuned for detecting different compounds. The system 

also integrates a microinjection device for delivering chemicals directly to the site of 

measurement.

Microdialysis and related methods involve implanting a sampling device into tissue, 

collecting fractions, and then analyzing them by appropriate methods. Use of methods like 

high-performance liquid chromatography (HPLC), capillary electrophoresis (CE), and MS to 

analyze the collected fractions allow multiple targets to be measured (see 15,16 for reviews). 

Historically these methods have not been competitive with sensors with respect to spatial 

and temporal resolution; however, advances over the past 2 decades have reduced the gap. 

Temporal resolution is mostly limited by the time required to collect enough sample for 

analysis. The coupling of microdialysis to miniaturized methods, such as fast capillary 

LC17,18, direct infusion MS19, and CE20–23, has improved temporal resolution from minutes 

to a few seconds. Temporal resolution may also become limited by the dispersion of 

sampled concentration pulses due to flow and diffusion during mass transfer from the 

sampling device to fraction collector. Collecting samples into segmented flow, where each 

fraction is compartmentalized into a droplet by an immiscible fluid immediately after 

sampling, can prevent such dispersion and allow higher temporal resolution24–26. This 

approach has been used for monitoring concentration dynamics in vitro24,27 and in 
vivo19,25,28, allowing temporal resolution of less than 10 s. Several analytical methods have 
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been coupled with droplet fraction collection including enzyme assay25,29, electrochemical 

detection30–32, microchip CE26,28, and MS24,33–35. Some of these methods, such as CE and 

MS, preserve the potential for multicomponent analysis and ready adaption to different 

analytes.

Spatial resolution of sampling devices has also improved over the original style of 

microdialysis probes, which are 220 - 400 µm diameter × 1 - 4 mm long. Low-flow push-

pull perfusion offers the best spatial resolution29,36,37. In this method, two capillaries are 

fixed side-by-side and sample removed by one capillary while make-up fluid is added 

through the other capillary at flow rates of 50 - 100 nL/min. Sampling occurs only near the 

inlet/outlet, thus greatly improving spatial resolution over microdialysis. Sampling areas are 

approximately 0.02 mm2 compared to 0.7 - 5 mm2 for microdialysis. Use of 

microfabrication allows even smaller probes to be made38–41. Microfabricated silicon probes 

that are 85 µm wide × 70 µm thick containing a 20 µm-square orifices have been reported 

yielding sampling areas at least 1000-fold smaller than a microdialysis probe39. The smaller 

size is important not only for spatial resolution but also reducing invasiveness of the probes.

Little work however has been done on converging the improved temporal and spatial 

resolution advances for in vivo monitoring. That is, good temporal resolution has been 

achieved with large probes and better spatial resolution has only been achieved with low 

temporal resolution. In one exception, a hand assembled low-flow push-pull probe was 

coupled to droplets which were analyzed by an enzyme assay for glutamate29. The system 

achieved 7 s temporal resolution but was limited to a single analyte. Recent work has shown 

utility of a microfabricated polymer-based probe (240 µm wide × 86 µm thick) for 

segmented flow sample pulling prior to a laser ablation inductively coupled plasma MS 

analysis of metals42. This system allowed collection of 18 nL droplets and a temporal 

resolution of 50 s.

In this work we couple a microfabricated silicon push-pull probe to droplet collection. The 

microfabricated probe also integrates an injector to allow chemical manipulation of the 

sampled area. Collected droplets are analyzed by direct infusion nanoelectrospray ionization 

(nESI) MS. This combination yields samples from a 20 µm × 60 µm area and attains 6 s 

temporal resolution. nESI MS allows multicomponent measurements (4 analytes together 

with their internal standard in this case) and potential tuning for different analytes. The 

resulting integrated system therefore achieves many of the goals of in vivo monitoring.

EXPERIMENTAL SECTION

Chemicals and materials

Unless otherwise specified, all chemicals were purchased from Fisher Scientific (Fairlawn, 

NJ) or Sigma Aldrich (St. Louise, MO) and were certified ACS grade or better. Solutions 

were prepared with HPLC-grade water, filtered and degassed prior to use. Syringes 

(Gastight® 1700 Series, 25 µL or 100 µL) were purchased from Hamilton (Reno, NV). 

Teflon PFA tubing was purchased from IDEX Health & Science (Oak Harbor, WA). 

Polyimide-coated fused-silica capillary was purchased from Molex (Phoenix, AZ). Fast 

curing epoxy resins were purchased from Loctite (Westlake, OH) for a standard type and 
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ITW Devcon (Danvers, MA) for a gel type. Polydimethylsiloxane (PDMS) was purchased 

from Curbell Plastics (Momentive® RTV 615, Livonia, MI). Crystalbond™ 555 adhesive 

was purchased from Structure Probe (West Chester, PA). Artificial cerebrospinal fluid 

(aCSF) consisted of 145 mM NaCl, 2.68 mM KCl, 1.10 mM MgSO4, 1.22 mM CaCl2, 0.50 

mM NaH2PO4, and 1.55 mM Na2HPO4, adjusted pH to 7.4 with 0.1 M NaOH. High-

potassium (K+)-aCSF consisted of 100 mM KCl and 47.7 mM NaCl; the other components 

were the same as regular aCSF.

Probe and holder

Probes were microfabricated on a 525 µm thick 4-inch silicon wafer (University Wafer, MA) 

as described in detail elsewhere39, with modification in probe design. Briefly, a series of 

microchannels were masked on a wafer by photolithography before the wafer was etched by 

deep reactive ion etching (DRIE) and XeF2 etching. The wafer was sealed with poly Si using 

low pressure chemical vapor deposition. Lithography and DRIE were again used to etch 

probe shapes and sampling orifices with desired dimensions. The wafer was mounted to a 

carrier wafer with Crystalbond™ 555 adhesive and backside etched using DRIE prior to 

probe release in hot water. After probe release, residual adhesive was removed by baking at 

610 °C for 8 h in a laboratory kiln.

The final probe size was 11 mm long, 84 µm wide × 70 µm thick. Probes included 3 

channels of 20 µm i.d. One channel was used for pull flow. Another channel was used for 

push flow. The third channel was merged with the push channel at 500 µm from the probe 

orifice. This additional channel was used for microinjection of a stimulant. Schematics of 

the probe and its operation are shown in Figure 1 and 2A. For probe handling and sample 

transfer, a probe was connected to a 5 cm length of 50 µm i.d./150 µm o.d. fused-silica 

capillaries (“fluidic capillary”) via the use of a probe holder (see Supporting Information, 

Section I).

Droplet-generator

PDMS microchips were designed to couple the probe outlet to flow segmentation and 

reagent addition. The PDMS chips were fabricated using a combination of a standard soft 

lithography technique and a pour over method43 (see section II of Supporting Information & 

Figure S-2). A final device contained a 4-way junction (cross) with 125 µm wide × 100 µm 

tall channels for simultaneous flow segmentation and reagent addition, or a 3-way junction 

(tee) for flow segmentation only. The devices were designed to create proper sealing and 

accommodate ease of connection with standard 150 µm o.d. tubing or 360 µm o.d. tubing.

In vitro characterization

Device operation.—The microfabricated probe was operated similar to capillary-based 

push-pull probes with segmented flow sampling29. An outline of the probe integrated with 

the PDMS chip is illustrated in Figure 2. Push flow was generated from a syringe pump 

(Chemyx, Stafford, TX) connected to the probe via a 40 cm length of 40 µm i.d. capillary. 

Pull flow for sampling at 100 nL/min and reagent addition at 55 nL/min (measured by 

observing droplet size and frequency, and fluorescent intensity) was generated by 200 mm 

Hg vacuum applied at one arm of the cross that was connected to a length of Teflon tubing 
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to store collected samples. Other arms were connected to: 1) the probe outlet, 2) a vial of a 

fluorinated oil (50:1 v/v perfluorodecalin:1H,1H,2H,2H-perfluoro-1-octanol (PFD:PFO), 

viscosity of 5.1 cps) for flow segmentation, and 3) a mixture of internal standards in water 

for addition to the sample droplets collected from the probe. The mixture of internal 

standards included 100 µM 13C-glutamine (Gln), 1 µM 13C-glutamate (Glu), 100 nM 13C-γ-

aminobutyric acid (GABA), 20 nM d4-acetylcholine (ACh), and 10 µM fluorescein. For 

some experiments, the probe outlet was connected to a tee to by-pass addition of internal 

standards.

Droplet analysis.—Analysis of droplets was carried out using fluorescent microscopy for 

fluorescein detection and nESI-MS for neurochemical detection. The droplets were pumped 

from the Teflon storage tubing into a detector using a syringe pump. Fluorescence of 

droplets were imaged by using an inverted fluorescence microscope (Olympus IX71) with a 

Xe-arc lamp, appropriate filters, and a CCD camera (Hamamatsu ImageEM X2). When 

reagent addition was performed, a ratio of added reagents to samples was determined based 

on the fluorescein intensity in aqueous droplets. For the ESI-MS assay, the outlet end of the 

Teflon tubing was connected to a nESI tip using a commercial union (PicoClear™, New 

Objective, Woburn, MA). nESI emitters were made from 50 µm i.d. x 360 µm o.d. fused 

silica capillary, which was pulled to 15 µm i.d. and platinum coated (FS360-50-15-CE, New 

Objective, Woburn, MA). Sample droplets were pumped at 50 nL/min through the nESI tip. 

A potential of +1.25 kV was applied to the Pt coating to induce nESI. Samples were 

analyzed using a Micromass Quattro Ultima® triple-quadrupole mass spectrometer (Waters, 

Milford, MA), operated in multiple reaction monitoring (MRM) mode using conditions 

listed in Table S-1. Data were analyzed by Masslynx 4.1 (Waters, Milfrod, MA). Cutter44 

was used for data processing, peak detection, and determination of peak intensities. Ratio of 

the peak intensity of each analyte to internal standard intensity was calculated and used for 

calibration.

In vivo sampling

Surgical procedures were similar to those described previously40. Male Sprague-Dawley rats 

weighting between 250 - 350 g were anesthetized using 2 - 4% isoflurane, and placed in a 

stereotaxic frame (Kopf Instrument, Tujunga, CA). Animals were maintained under 

isoflurane over the entire experiment. Probes were stereotaxically inserted to the striatum at 

coordinates +1.5 mm anterior, ± 3.0 mm lateral to bregma, and a depth of 4.5 mm ventral 

from dura. Probes were lowered slowly over 1 min. During probe insertion, probe channels 

were back-flushed at 200 nL/min to prevent clogging before immediately reducing the flow 

rate to be 100 nL/min at the sampled region. After ~5 min of flow stabilization, an outlet of 

the pull channel was connected to the PDMS cross before generation of pull flow. For 

equilibration of baseline, push-pull flow was continued for at least 30 min before sample 

collection. K+ stimulation was performed by switching a push flow from aCSF to high K+-

aCSF through the third channel of the probe. High K+ aCSF was perfused at 100 nL/min for 

1 min before switching the flow back to regular aCSF.

For statistical analysis, data were transformed to percentage of baseline. Statistical software 

R45 and RStudio in conjunction with the lme4 package46 were used to perform a linear 
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mixed-effects analysis of the relationship between baseline percentages of each analyte and 

phases of stimulations. As fixed effects, phases of stimulations (pre- or post- stimulation) 

were entered into the model. Animals/subjects were included as random effects. A 

significance level of 0.05 was used for all analyses. Results were statistically significant 

when P-value is < 0.05.

RESULTS AND DISCUSSION

Probe and microinjector

Micromachining of silicon was utilized to fabricate push-pull probes as before39; however, 

in this work we sought to increase the yield of probes and to incorporate a microinjector, 

which is frequently useful in neurochemical experiments. Previously we obtained ~60% 

yield of useful probes with the majority of failures due to clogging. Clogs were most 

frequently due to the use of adhesive (Crystalbond™ 555) during the backside etching step 

that may enter and clog probe channels. To address this problem, we added a step of baking 

the probes to decompose the adhesive after an initial hot water treatment. Visual inspection 

showed no visible residue and no effects on performance were found from the heating step. 

With this step, fabrication yield was improved to 90% (10% of the probes were broken 

during probe release and manual transfer) of 30 probes tested. Overall, the current 

fabrication process was reliable, yielding smooth channels with high replication fidelity (see 

Figure 1B). Processing a single 4-inch wafer yielded about 120 probes.

Microinjection is frequently used to locally add drugs that modulate neural function. 

Although a separate micropipette can be used, the use of microfabrication allows 

incorporation of an injector into the device (Figure 1). The two main channels were used for 

push and pull flow. The additional injector channel was merged with the push channel, 

creating a tee-junction at 500 µm above the orifice. Switching the flow at the tee junction 

allowed microinjection of a stimulant. At a flow rate of 100 nL/min, the 10% to 90% rise 

time of a step concentration change at the probe exit was theoretically estimated to be 72 

ms29. The time to begin exiting the probe (i.e., the time required to flush the channel 

volume) was estimated to be 94 ms based on flow rates and channel volumes.

Microfabrication allowed limiting the space between the push and pull orifices to be merely 

20 µm (Figure 1B, iii). The active sampling area of the probe, which defines the spatial 

resolution, was 20 µm × 60 µm. This sampling area is about 10-fold smaller than that of 

push-pull probe made from capillaries29; although somewhat larger than push-pull probes 

made by pulling glass capillaries to ~30 µm outer diameters47. Compared to a conventional 

microdialysis probe with 2 mm long × 220 µm diameter membrane, spatial resolution of the 

microfabricated push-pull probe is approximately 1000-fold higher.

Droplet generation and multicomponent measurement by MS

For analytical measurements it is desirable to add reagents or internal standards to collected 

samples. The microfluidic cross shown in Figure 2 was used to add reagent as sample 

droplets were formed. Using our conditions, droplets with approximately 1:1.5 aqueous: 

PFD/PFO volume ratio were generated (see Figure 2B, inset). Sample droplets were about 
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4.5 nL (formed every ~3 s) and reagent was added at 1:0.55 sample: reagent volume ratio 

resulting in 7 nL droplets. As shown in Figure 3A, reliable sampling and reagent addition 

could be attained with an average of 3% RSD in peak height for serial sampling and reagent 

additions. Regulation of pull flow rates was achieved based on flow resistance of the tubing 

connected to each arm of the cross. In other words, desired flow rates of sample, PFD/PFO, 

and reagent could be achieved by selecting appropriate capillary geometries and applied 

vacuum pressure, and estimated by using the Hagen-Poiseuille equation.

Direct infusion nESI-MS was utilized for analysis of collected droplets. Pilot experiments 

revealed that low infusion flow rates were necessary to enable detection of the amino acids 

in aCSF. As shown in Figure 4, decreasing the flow rate of infusion allowed significantly 

better discrimination against background. This improvement can be attributed to the 

nanospray effect, i.e. low infusion rates reduce ionization suppression and matrix effects. 

This is important as the high salt content of aCSF and the complex sample matrix can 

suppress ionization of other compounds. Therefore, for all assays we used an infusion rate of 

50 nL/min.

Using an infusion flow rate of 50 nL/min, droplets were reliably transferred to the nESI tip 

without coalescence and allowed collection of 7 - 8 data points per droplet during multiple 

reaction monitoring. Using the microfluidic cross (Figure 2), a stable isotope labeled internal 

standard of each analyte was added via the reagent addition channel during sample 

collection. The internal standard allowed for normalizing the effect of matrix and instrument 

drift on signals.

In this work, we measured 3 neurotransmitters (Glu, GABA and Ach) and Gln, a metabolite 

of Glu. Temporal resolution and sensitivity of the method were characterized in vitro by 

sampling from a stirred vial of a mixture of the 4 analytes in aCSF. An example of droplet 

analysis for monitoring Gln is illustrated in Figure 3B. The rise time during concentration 

change was ~6 s (2 droplets) at a sampling rate of 100 nL/min. This rise time was in 

agreement with the result using the tee for flow segmentation only (see section I of 

Supporting Information and Figure S-1). Hence, temporal resolution was not limited by 

reagent addition, sample storage before analysis (1-3 h), or the MS assay. Calibration curves 

were obtained with good linearity (R2 values were >0.95) and the dynamic range covered 

expected in vivo concentrations of each analyte (Figure 3C). The assay was reasonably 

reproducible with RSDs of the peak intensity ratios in the range of 6 - 11%. Using a signal 

to noise (peak to peak) ratio of 2, the limits of detection (LODs) were 90 nM for Gln, 60 nM 

for Glu, 20 nM for GABA, and 2 nM for ACh.

In vivo monitoring of neurotransmitter dynamics

The complete system (microfabricated probe with microinjection, droplet-based microchip 

with addition of internal standards, and direct infusion MS assay) was used for in vivo 
neurochemical monitoring. Basal concentrations of the analytes were estimated to be 6.4 

± 2.3 µM for Gln, 0.20 ± 0.05 µM for Glu, 62 ± 10 nM for GABA, and 2.3 ± 0.7 nM for 

ACh (mean ± SEM, n = 4 animals; at least 50 samples for each animal). These 

concentrations were not corrected for recovery; however, in vitro recoveries of the probe 

were measured to be 83 ± 3%, 47 ± 10%, and 18 ± 7% (n = 5) by sampling fluorescein at a 
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perfusion rate of 100 nL/min, in a stirred vial, a non-stirred vial, and a 0.6% agarose gel48, 

respectively (Figure S-3). The ACh concentrations were near the LOD and therefore this 

neurotransmitter was not as reliably detected as the others.

In general the sampled concentrations measured in this experiment were lower than those 

previously reported for the same brain region (see Table S-2 for summary)19,29,36,39,40,49–60. 

Gln is typically found in several hundred micromolar concentrations but we found it to be 

below 10 µM. The reports for basal concentration of Glu have been variable with a ranges of 

1 – 5 µM for sampling studies and 2 - 18 µM for microelectrode studies51; however, in this 

study we observed 0.20 µM. GABA has been reported in the range of 300 – 700 nM while 

we observed 60 nM. ACh was generally about 30 nM but we observed < 4 nM.

The lower concentrations could be due to a variety of factors. Most significantly, our 

concentrations are not corrected for recovery as it is not yet known how recovery for low-

flow push-pull perfusion is altered in vivo. If recovery is similar to sampling from agar gel, 

where we observed about 18% recovery, then our concentrations would be similar to 

previous reports. Also, it is possible that pull flow rates during sampling were lower than the 

nominal 100 nL/min which in turn would lower observed recovery. Although flow in vivo 
was initially set to be 100 nL/min, it is possible that during the experiment clogs developed 

that slowed the flow. (Lower flow rates of sample would result in droplets that were more 

diluted by the internal standard solution, which is added at a fixed rate, and appear as a 

lower concentration of analyte in the droplet. Also, if there is a mismatch in push and pull 

flow rates, then we may preferentially sample from the push volume and obtain a lower 

concentration.) Similarly, the excess volume injected during probe lowering (both channels 

back-flushed at 200 nL/min) might create a volume that dilutes neurotransmitters if it did not 

dissipate. Other variables that can affect recovered concentrations include anesthesia, probe 

size, and probe geometry61.

To demonstrate capability of the system for detection of rapid chemical changes, 

microinjection of 100 mM K+-aCSF was performed to stimulate neurochemical release. As 

shown in Figure 5, microinjections of high K+ solution evoked transient increases that lasted 

< 30 s, yet could be captured by this method, for all analytes. For the first injection, the 

changes at peak maximum from the baselines were 500 ± 120% for Gln, 810 ± 390% for 

Glu, 1800 ± 1300% for GABA, and 620 ± 280% for ACh (mean ± SEM, n = 4). For a 

subsequent injection, the average increases were 430 ± 120% for Gln, 330 ± 130% for Glu, 

790 ± 500% for GABA, and 300 ± 110 % for ACh. The percent increase in Glu was similar 

to previous work (see Table S-3 for comparison20,22,28,29,51,52,55,62). In addition, substantial 

effect of K+ stimulation on GABA levels was also in agreement with the previous 

studies28,55,57. Increases in ACh were also similar to other previous reports63–65. However, 

we observed increases in Gln while other work reported decreases in Gln levels after K+ 

stimulation66–70. The reasons for this discrepancy are unclear. The other approaches 

perfused a high-K+ solution for a much longer time. The prolonged exposure of brain tissues 

to the solution could alter the dynamics observed63,71. Furthermore, the other work used 

larger probe sizes and collected and analyzed samples at fractions of several minutes. These 

spatial and temporal differences may ultimately yield different results. Variability observed 

in the stimulated responses is reasonable; but could be due to a variety of factors including: 
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1) if rapid changes occurred the temporal resolution may distort them, i.e. we may have 

insufficient sampling rate; 2) spatial heterogeneity in the brain may result in different 

responses from the small probe size; 3) complex fluid dynamics may arise from having the 

injector close to the sampling probe that might cause some variability; and 4) variability in 

the start of the syringe pump may affect the amount and dynamics of K+ infusion.

The rise time for K+ response was 15 ± 3 s. This rise time is slower than the temporal 

resolution of the monitoring system. The slower rise time was likely due to the use of a 

syringe pump for microinjections, which typically required at least 5 – 10 s before reaching 

the desired perfusion rate. Importantly though, these in vivo experiments illustrate the 

capability of the microfabricated probe and analysis system for achieving both high 

spatiotemporal resolution and multiplexed neurochemical monitoring.

Although the probes cannot sample from single synapses, the spatial resolution should be 

sufficient for monitoring chemical activity in small brain regions or detecting heterogeneity 

in larger brain nuclei. The temporal resolution achieved is not sufficient to detect single 

exocytotic events or release from single action potentials. However, these dynamics will be 

useful in tracking changes that occur during behaviors and response to rapid stimuli.

The nESI system was sufficiently robust for relatively long term monitoring. Figure 6 

illustrates an example of analysis of 400 droplets collected over about 20 min. Such long 

term measures were routinely achieved.

Operation of the system revealed some areas for improvement in sampling. During in vivo 
experiments, we occasionally observed disturbance of segmented-sampling flow that led to 

flow blockage or eventual clogging. The origin of the cause of flow disruption is still not 

clear. The cause of this disruption might be due to tissue debris at the probe inlet72. In 

addition, it is possible that variations in intracranial pressure (caused by several factors, such 

as surgery procedures and brain exposure to local room pressure41), flow rate of CSF73,74, 

and viscosity of sampled fluid75,76 can affect to disturbance of microfluidic flow. Although 

these variations were not previously reported to be an issue in other low-flow push-pull 

studies29,36,62, their negative effects on device operation might become significant in 

miniaturized sampling with segmented flow (i.e., when active sampling area and fraction 

volumes are extremely small). Further work is required to understand these effects. 

Development and use of integrated, automated pressure controller and flow meter will help 

to accordingly adjust microfluidic flows and overcome the above issue. The use of low flow 

rates to achieve nano-ESI enabled overcoming ionization suppression sufficient to allow 

detection of the compounds tested here. Further work will be required to determine if direct 

infusion will allow detection of other neurotransmitters and metabolites.

CONCLUSION

The combination of microfabricated push-pull sampling probes, flow-segmentation, and 

direct nano-ESI-MS of droplets yields a system that can achieve 5-10 s temporal resolution 

for monitoring molecules with a spatial resolution and low invasiveness that is comparable 

to most sensors while retaining the multiplexing and ability to tune selectivity that is 

Ngernsutivorakul et al. Page 9

Anal Chem. Author manuscript; available in PMC 2020 January 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



afforded by MS. Thus this approach achieves several of the important goals for in vivo 
monitoring. It is likely possible to achieve a sub-second temporal resolution with further 

refinements. Further work is needed to better understand in vivo recovery with the probes as 

well as mitigate causes of flow disturbance. Further work is also required to learn how 

applicable this approach will be to different chemical targets. The method is limited by the 

ability to overcome ionization suppression and the sensitivity of the mass spectrometer used. 

Newer instruments and on-line sample preparation of the droplets should expand the number 

of analytes detectable by this approach. The use of microfabrication for creating probes is a 

significant benefit. For example, in this case a microinjector was directly incorporated into 

the device. In principle it may be possible to integrate other features, such as electrodes for 

electrophysiological recording. In addition to in vivo neurochemical monitoring, the 

technology developed here maybe adaptable to other microenvironments that require 

chemical monitoring and drug delivery at high spatiotemporal resolution.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
A) Overview of probe shape and channels. B) SEM images of microfabricated push pull 

probe with additional channel for microinjection. The images show i) cross section of the 

probe; ii) top view of an integrated tee (after backside etch to reveal the channels); iii) tip of 

the probe with an estimated sampling area (yellow dashed).
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Figure 2. 
Overview of experimental setup for monitoring brain chemical dynamics with high 

spatiotemporal resolution. A) microfabricated push-pull probe with 3 channels. The first and 

second channels were used for pushing regular aCSF and microinjection of K+-aCSF. The 

last channel was used for pulling sample. The inset showed microfluidic interface between 

the probe and a “fluidic” capillary. This capillary was used for sample transfer prior to 

connecting with a microfabricated cross for simultaneous flow segmentation and reagent 

addition (B). Generated droplets were collected in a Teflon storage tubing prior to an offline 

analysis. The inset showed a microscopic photograph of the flow segmentation with reagent 

addition. Food dyes were added to sample and reagent for visualization. C) Photograph of 

the probe connected to the droplet-based device.
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Figure 3. 
In vitro characterization of sampling coupled to segmented flow and reagent addition. 

Samples were a mixture of standards in aCSF and reagents contained fluorescein and a 

mixture of internal standards. A) Detection of fluroescein in droplets yielded peak heights 

with RSD of 3% (n = 3 device sets). An example of a step change of ACh during switching 

concentration is shown in (B) along with related internal standard added at the same period. 

C) Calibration curves from ratio of signal traces of standards to internal standards. Linear 

calibration curves were achieved.
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Figure 4. 
Comparison of signals obtained for MS/MS of 1 μM GABA dissolved in aCSF at (A) 50 nL/

min; (B) 300 nL/min; and (C) 800 nL/min. Each trace shows the signal intensity for the 104 

→ 87 m/z transition for 10 droplets. The first 5 contained GABA and the last 5 were aCSF 

only. For (A) and (B) each droplet was 4 nL and spaced by 4 nL carrier fluid. For (C) each 

droplet was 10 nL spaced by 10 nL carrier fluid.
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Figure 5. 
In vivo monitoring of response to microinjection of 100 mM K+-aCSF in the rat striatum. 

(A) shows an example trace for simultaneous responses of Gln (i), Glu (ii), GABA (iii) and 

ACh (iv). Arrows indicate beginning of microinjection. Rise times could be observed within 

3 droplets or ~9 s. (B) shows averaged responses of Gln (i), Glu (ii), GABA (iii) and ACh 

(iv), (mean ± SEM, n = 4 rats). Data were expressed as percentages of the averaged baseline 

values during pre-stimulation levels. Dashed lines indicate periods of K+-stimulation. 

Linear-mixed effects models indicate significant changes (*, p < 0.05) between basal and 

stimulation phases.
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Figure 6. 
Raw MS/MS data for GABA from in vivo collection. ~4.5 nL brain samples (volume was ~7 

nL after addition of internal standard) were infused with segmenting fluid at 50 nL/min for 

100 min, corresponding to about 400 samples. The two increases in signal correspond to K+ 

infusions. Time axis is time for analysis and is not corrected to sampling time.
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