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ABSTRACT

Continuous fluidic sampling systems allow collection of brain biomarkers in vivo. Here, we propose a
new sampling paradigm, Droplet on Demand (DoD), implemented in a microfabricated neural probe.
It allows sampling droplets loaded with molecules from the brain extracellular fluid punctually, without
the long transient equilibration periods typical of continuous methods. It uses an accurate fluidic se-
guence and correct operation is verified by the embedded electrodes. As a proof of concept, we
demonstrated the application of this novel approach in vitro and in vivo, to collect glucose in the brain
of mice, with a temporal resolution of 1-2 minutes and without transient regime. Absolute quantifica-
tion of the glucose level in the samples was performed by direct infusion nanoelectrospray ionization
Fourier transform mass spectrometry (nanoESI-FTMS). By adjusting the diffusion time and the perfu-
sion volume of DoD, the fraction of molecules recovered in the samples can be tuned to mirror the
tissue concentration at accurate points in time. This makes quantification of biomarkers in the brain
possible within acute experiments of only 20 to 120 minutes. DoD provides a complementary tool to
continuous microdialysis and push-pull sampling probes. The advances allowed by DoD will benefit
guantitative molecular studies in the brain, namely for molecules involved in volume transmission or
for protein aggregates that form in neurodegenerative diseases over long periods.
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1. INTRODUCTION

Minimally invasive solutions to study molecular processes in the brain in vivo mostly rely on electro-
chemical and optical spectroscopy systems, as well as on fluidic sampling probes coupled to analytical
systems?. The first two types of systems present high spatial and temporal resolutions, and probe the
molecules directly in the tissue, based on charge transfer processes and light-matter interactions, re-
spectively. Small electrodes are particularly suited for electrical stimulation? and sensing, to resolve
fast signals at the sub-cellular level?, to map the interconnections between neurons* or to correlate
electrical and chemical events®. Alternatively, fluidic sampling systems such as microdialysis and push-
pull probes, enable studying the interplay of multiple molecules in parallel, captured by diffusion from
the brain extracellular fluid (ECF) into a perfusion fluid. Being compatible with a wide range of analytical
methods, off-line analysis of a large panel of molecules is possible. However, reducing their footprint
is limited by the hydraulic resistance and the risk of clogging of small channels. Most invasive systems
have benefited from technological developments in material sciences and microfabrication technolo-
gies. They allowed integrating new stimulation and sensing functions (implantable neurostimulation
probes®, electronic dura mater with drug delivery’, fiber-based multimodal probes®) and new materials
(glassy carbon electrodes in polyimide probes for dopamine measurement®, optofluidic probes with
ULED for optogenetics'®), while reducing their footprint. This benefited their performances and ex-
tended the possible in vivo studies. Review articles compared these technologies*!*™'* and some non-
invasive imaging methods!>6,

Among the fluidic sampling probes, the microdialysis probe is a gold standard. It possesses two capil-
laries surrounded by a semi-permeable membrane at the tip, that confines the flow of perfusion fluid,
called perfusate, within the probe on one side and contacts the tissue on the other side!?. The tip is
continuously infused with perfusate, that collects analytes by diffusion from the tissue, through the
membrane and to the perfusate, before exiting at the outlet as the dialysate. In microdialysis probes,
the long membrane defines the cut-off size of the collected molecules and the perfusate/tissue inter-
face, but limits the spatial resolution. This is improved in push-pull probes, membrane-less fluidic sam-
pling probes, that consist of two capillaries. One infuses perfusate at the tip to wet the tissue and one
samples it back. The absence of membrane also enables collection of larger biomarkers. Miniaturiza-
tion techniques have reduced the large footprint shared by both systems, by integrating membranes
directly in polyimide!” and silicon probes® and by scaling down the channels'>%. They also enabled
the Kennedy group to improve the temporal resolution of these systems, which was previously limited
by Taylor dispersion in the tubing, by coupling the dialysate to a droplet generator at the outlet?’. Fol-
lowing these advances, new fluidic sampling probes were developed, integrating flow actuation sys-
tems?>22, droplet generation features?*?*, and stimulation and sensing electrodes®. Our group contrib-
uted the advancements through the development of a flexible probe allowing electrostimulation, neu-
ral signal recording, and droplet sampling directly at the tip?>?. Following the splitting of the large
volumes of dialysate into picoliter to nanoliter volume droplets, analytical methods were adapted to
analyze their content and a library of highly-sensitive solutions, unperturbed by surfactants and oil?/,
was developed. This benefitted from the rich literature of droplet microfluidics (e.g., droplet genera-
tion?, picoinjection?’, phase extraction®*32, etc.). These solutions, which were extensively covered in
recent reviews>33¢, comprise in-flow electrochemical chips®”-%, fluorescent assays®*23°%° and include
many developments of electrophoretic3®*! and mass spectrometry methods?642-48,

Overall, microtechnology provided smaller probes for faster and more localized sampling, while drop-
lets improved the temporal resolution. However, quantifying the true concentration of molecules in
the tissue with continuous fluidic sampling probes remains challenging. Here, we introduce a novel
sampling paradigm, Droplet on Demand (DoD), that we implemented in a microfabricated probe for
acute sampling experiments, and verified through in vitro and in vivo experiments. DoD enables punc-
tual sampling of analytes in the ECF directly in droplets and accommodates its flexible sampling se-
guence to the transport of molecules in the tissue. This allows collection of highly concentrated drop-
lets mirroring the tissue concentration punctually, over a single accurate time window, or repeatedly,
for quantitative molecular studies within acute experiments.
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2. MATERIALS AND METHODS
2.1. Probe fabrication

The probes were built at the EPFL Center of MicroNanoTechnology, on a silicon wafer covered by a
sacrificial thin film of aluminum. Supporting Information contains the details of the fabrication process
(Figure S1). Briefly, a 3.5 um layer of polyimide (P12611, Dupont) was patterned by photolithography
and plasma etching, followed by sputtering of 75-350-75 nm of titanium, platinum, and titanium. Me-
tallic electrodes were patterned by photolithography and ion bean etching, and later encapsulated un-
der a secondary 1 um polyimide layer (P12610, Dupont), patterned similarly. Fluidic channels were pat-
terned by photolithography of a 40 um spun coated SU-8 layer (SU-8 3025, MicroChem), followed by
photolithography of a laminated 40 um SU-8 dry film. The channels were cut open with a laser and the
probes detached from the wafer by anodic release'’. The probes were cleaned with 1% HF, deionized
water, isopropanol, and ethanol and dried out with air. Fluidic channels were interfaced to 250/350 um
ID/OD fused silica capillaries (TSP-250350, BGB) with UV-sensitive epoxy. After 60 s oxygen plasma ac-
tivation at 100 W and 0.4 mbar (FEMTO, Diener Electronics), microfluidic channels were incubated with
2% PFQTS (trichloro(1h,1h,2h,2h-perfluorooctyl)silane, 448931-10G, CAS 78560-45-9, Merck) in PFD
(perfluoro(methyldecalin), 372439, CAS 51294-16-7, Merck) for 20 minutes at 75°C, rinsed with PFD,
dried out, and incubated for 20 minutes at 75°C. Using the same activation, capillaries were incubated
with Sigmacote (SL2-25mL, Merck) for 20 minutes at 20°C, dried out, and incubated for 20 minutes at
100°C. Probes were disinfected by gas phase H,0; prior to use in vivo.

2.2. FEA Simulations

COMSOL Multiphysics 5.6 was used to model the diffusion of molecules within DoD sequences. The
model considered a static parallelepipedal pocket of perfusate covering the probe, at the center of a
126 mm? cube of 0.6% agarose loaded with a 1 uM glucose concentration in the entire domain. The
free diffusion coefficient of glucose in the perfusate, Do, was taken as 600 um?/s at 20 °C, corrected
with a tortuosity® factor A of 1.6 in the agarose, defined as a porous medium. Initially, the perfusate
contained 0 uM of glucose. “No flow” conditions were set on the walls of the probe and on the sides
of the agarose cube. The module “transport of diluted species in porous media” was used to simulate
the diffusion of glucose in the medium and in the pocket. A progressive free quadrilateral mesh was
set in the pocket of perfusate, with 2 um thick features, perpendicular to the probe surface. A progres-
sive free tetrahedral mesh was used with features of maximum 50 um in the 1 mm vicinity of the pocket
and with coarse features further away in the rest of the medium. Simulation steps of 0.5 s were per-
formed, with a relative tolerance of 0.005 and diffusion was the only mass transport mechanism. The
CAD of the model is shown in Figure S2a. The simulations of cycles proceed as follows. The first cycle
starts with a diffusion step, with analytes diffusing over tgisusion from the tissue to the perfusate. When
the pocket is sampled, it is excluded from the model and its average concentration is evaluated. Then,
the equilibration step starts, and the mass transport is simulated over tequilibration, cOnsidering diffusion
within the medium only. The next cycle proceeds as the first cycle, with a pocket with 0 uM of glucose,
except that the new initial spatial concentration in the medium is given by the spatial concentration at
the end of the equilibration step of the previous cycle. The temporal evolution of the concentration in
the perfusate over 3 simulated cycles is illustrated in Figure S2b, with the domains considered at each
step.

2.3. DoD implementation

The inert fluorinated phase PFD was degassed for 20 minutes prior to use. 300 mM sucrose (S0389,
CAS 57-50-1, Merck) in deionized water and Perfusion Fluid CNS (P000151, CMA Microdialysis) were
used as perfusates for in vitro and in vivo experiments respectively. Agarose 0.6% brain phantoms®°
were prepared by dissolving agarose (A9539, CAS 9012-36-6, Merck) in tris-borate-EDTA buffer 1X
(T4415, Merck). Cubes of 1 cm?® were cut and incubated overnight in an aqueous solution of 150 mM
NaCl (59888, CAS 7647-14-5, Merck) and 10 uM fluorescein (46955, CAS 2321-07-5, Merck). The
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conductivity of 0% NaCl and 100% NaCl was respectively 5.99 uS/cm and 11.02 mS/cm and increased
linearly with the NaCl concentration. NeMESYS low-pressure syringe pumps (Cetoni) were used with
25 L glass syringes (1702N, Hamilton) to drive the perfusion and inlet lines. A pressure controller
Elveflow AF1 Dual (-700mbar to 1000mbar, Elvesys) connected to a flow rate sensor (MFS 2, Elvesys)
drove the outlet line. Tubing consisted of rigid capillaries (TSP-250350, BGB). A LabVIEW software (Lab-
VIEW 2017, National Instruments) was developed to coordinate the operation of all fluidic equipment,
for timed DoD sequences, and report generation. Electrical droplet measurement and detection were
performed with a HF2LI Lock-in amplifier and a HF2TA transimpedance current amplifier (Zurich Instru-
ments), with 100 mV excitation at 1 MHz across two 20 um wide Pt electrodes in the outlet channel.
The DoD parameters used for all samplings are reported in Table S1.

2.4. Invivo experiments

All experimental procedures were performed in accordance with the local animal care authorities, un-
der the cantonal license VD3492. Acute sampling experiments were performed with C57BL6/J mice.
Narcosis was induced by intra-peritoneal injection (10 pL/g) of a cocktail of ketamine (100 mg/kg) and
xylazine (10 mg/kg). The head of the animal was shaved, the skin cleaned with betadine and the animal
placed on a stereotaxic frame to which the probe holder was secured. A lubricant eye ointment was
applied to prevent dry eyes during anesthesia and a heating pad was used to control the temperature
of the body during the procedure. Stereotactic coordinates were set to +0.6 mm anteroposterior, 2.0
mm mediolateral and -2.60 mm dorsoventrally from bregma, to target the dorsal striatum. A hole just
big enough for the probe to access the brain was drilled into the skull without injuring the brain. To
ease the insertion and target the right brain location, a 125 um diameter optical fiber (FG105LCA,
Thorlabs) was fixed on the needle of the probe. A digital endoscope enabled to observe the samples
at the probe outlet and ensure that clean and blood-free samples were obtained. A cleaning cycle con-
sisted of infusing 300 nL of perfusate into the tissue at 3 nL/s and sampling it back at the outlet. At the
end of the session, the probe was removed, and the samples were stored in the outlet storage capillary
at -20 °C, thus preserving their temporal information until analysis. The mouse was sutured and then
allowed to recover. Blood glucose measurements were carried out by collecting 0.6 pL of blood from
the tail vein on FreeStyle Precision test strips, with a glucometer FreeStyle Precision Neo (Abbott).

2.5. NanoESI-FTMS experiments

D-(+)-Glucose (G8270, CAS 50-99-7, Merck) in Perfusion Fluid CNS was used to prepare nanoESI-FTMS
calibration samples. The additive was prepared by dissolving D-Glucose-13Cs (389374, CAS 110187-42-
3, Merck) as internal standard (IS) in 67% deionized water and 33% acetonitrile (ACN, 900667, CAS 75-
05-8, Merck). The LTQ Orbitrap ELITE ETD (Thermo Scientific) was equipped with the nanoSpray Flex
lon source (Thermo Scientific) and stainless steel nanoemitters PSSE-3 (30 mm, OD 150 pum, ID 30 um,
PepSep) under 2.6 kV spray voltage. An ABIRD system (ESI Source Solutions) blew filtered air over the
MS inlet. FT-MS spectra were recorded in the reduced profile mode at a resolution set to 30000. 1
microscan was used with a maximum injection time of 1000 ms and the AGC was set to 5E5. Glucose
and IS were detected in Selected lon Monitoring (SIM) mode using a 20 m/z wide window centered on
206 m/z. lons were extracted at 203.05 m/z and 209.07 m/z respectively, with a mass extraction win-
dow of 100 ppm. In a first step, the identities of the glucose and the IS were confirmed by accurate
mass measurements, fragmentation by Collision Induced Dissociation (CID, respectively 28 eV and 35
eV) and assignment of the main fragment ions. The sample capillary (250/360 um ID/OD) was inter-
faced to the emitter though a custom zero-dead-volume transparent connector. A PTFE drain around
the emitter prevented PFD accumulation*®. Flow rate was driven with a NeMESYS low-pressure syringe
pump, with a 10 pL glass syringe (1701N, Hamilton) at 120 nL/min, through LMT-55 tubing (97618-09,
VWR). Data analysis was performed on Xcalibur (Thermo Scientific) and MATLAB R2020b (MathWorks).
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3. RESULTS
3.1. Development of the DoD approach

The brain is a dense tissue, in which the extracellular space represents only 20% of the volume and
where cells are spaced by 10 to 100 nm*. This limits direct sampling of ECF to slow flow rates in the 1
nL/min range®. Therefore, microdialysis and push-pull sampling systems collect analytes by diffusion
from the ECF to a dialysate. The recovered concentration of an analyte in the dialysate is reported
relative to the true tissue concentration, by the recovery fraction 1. With continuous sampling, when
analytes get captured faster than the rate at which new molecules reach the sampling location by dif-
fusion, a depletion layer is created in the tissue. This happens in microdialysis and push-pull probes
operating continuously. Consequently, when sampling starts, n is initially at its local maximum and
enters a transient period, until it reaches a steady state value, nss, once the depletion layer is stabilized.
Long transient durations lead to long experiments before exploitable samples are obtained, with 1
levels that do not represent the true tissue concentration, but only a fraction of it. This prevents abso-
lute quantification of the analytes in the tissue directly from the samples. Moreover, this means that
sampling history influences the instantaneous sampling. Both 1 and the transient duration depend on
the characteristics of the sampling system, on its operation and on the physiological interactions of the
analyte with the tissue (molecule-specific diffusion, exchange and clearance processes in the tissue)>"
%5, Should any of these parameters change, a new equilibrium would need to be reached. Despite ex-
perimental (e.g. zero-net-flux) and computational methods to estimate ms and infer the real tissue
concentration®*°®°7, quantification remains tedious to perform and requires empirical parameters. The
DoD approach was developed to solve the limitations above. It is a novel punctual push-pull sampling
paradigm, complementary to continuous microdialysis and push-pull approaches. It proposes a dis-
crete sampling sequence, implemented in a dedicated microprobe. DoD perfuses a controlled volume
of perfusate, which collects analytes within an accurate diffusion window, before being sampled back
as a droplet. This aims to provide a sample with high n and closely mirroring the tissue concentration
at a defined time point, for quantitative molecular studies. Repeated samplings can be achieved by
introducing an equilibration period between punctual sequences, to prevent creating a stable deple-
tion layer causing a transient regime. This absence of transient regime makes acute sampling experi-
ments possible, in less than an hour, and allows collecting independent droplet samples.
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Figure 1 Implementation of the Droplet on Demand (DoD) method. a The flexible polyimide/SU-8 probe comprises three mi-
crofluidic channels with apertures at the tip of the needle inserted in the brain. They deliver perfusate and collect samples
loaded with molecules from the extracellular space, as droplets separated by PFD. Electrodes detect them on the way to the
storage capillary at the outlet. Scanning electron microscope pictures show the T-junction forming droplets at the tip and the
cross-section of the needle, with the polyimide (Pl) base embedding the electrodes, and the fluidic channels in SU-8. b Concept
of the DoD approach implemented at the tip of the probe. Only the perfusion and outlet lines are represented. The tissue and
the probe are initially considered idle, at rest, leaving the tissue unperturbed, with a uniform concentration profile of an ana-
lyte. 1) A punctual DoD sequence starts on demand with local infusion of perfusate, creating a pocket between the probe and
the tissue. 2) The molecules diffuse from the tissue to the pocket. 3) The pocket is sampled and forms of a droplet within the
PFD. 4) PFD moves it to the storage capillary. 5) To sample repeatedly, a recovery step is added to the punctual sequence
(steps 1 to 4) for molecules to equilibrate their concentration in the tissue until the next cycle. This defines a DoD cycle.
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3.2. Fluidic probe for DoD

A dedicated microfluidic probe was developed to enable application of DoD in the brain of mice, as
displayed in Figure 1. Inspired by previous work?, it is made of two flexible polymeric layers. The fab-
rication details are reported in Supporting Information (Figure S1). The polyimide layer forms the base
that provides fluidic access to the tissue at the tip and contains the electrical functions of the probe
(droplet-sensing electrodes and stimulation electrode), whereas the SU-8 layer defines the 40 um high
fluidic channels and the droplet formation geometry. A 40 um wide perfusion channel enables delivery
of perfusate to the tissue to collect molecules from the brain extracellular space by diffusion. The per-
fusate loaded with molecules is then aspirated from the tissue at the sampling aperture. It forms a
droplet within the continuous PFD phase at the T-junction, where the 80 um wide inlet and outlet
channels filled with inert PFD intersect. PFD from the inlet then moves the droplet to the outlet, where
the 20 um wide, integrated platinum droplet-sensing electrodes detect it. All fluidic channels are inter-
faced to fused silica capillaries and the droplets reaching the outlet are transferred to a storage capil-
lary, preserving their generation order until analysis.

3.3. Punctual DoD sequence and repetitive DoD cycles

The concept of the DoD approach is illustrated in Figure 1b as implemented at the tip of the probe,
with the perfusion and sampling channels respectively filled with the non-miscible perfusate and PFD
phases. The concentration of the analyte is considered spatially homogenous in the ECF, with no ex-
changes within the tissue. After inserting the probe in the tissue, the probe is idle, in contact with the
tissue. A punctual DoD sequence is started on demand, by perfusing the tissue with a controlled vol-
ume of perfusate Vperfusion, OVer a duration tpertusion. Due to the density of the tissue, the perfusate forms
a pocket of liquid at the probe-tissue interface, pushing the tissue away from the probe. The perfusate
being free of analytes, a steep gradient exists that causes diffusion from the ECF to the pocket of per-
fusate. At the end of the diffusion time, defined as tqifrusion, the pocket is aspirated inside the probe
during the sampling step, for a duration tsampiing, and it forms a droplet within PFD, that is later moved
to the outlet over tmove.

A punctual DoD sequence outputs one unique sample with a concentration corresponding to the aver-
age concentration of the pocket at the time of sampling, representing the tissue concentration over
the window taifrusion. At the punctual sequence level, a recovery fraction 1 close to 1 is aimed by adjust-
iNg Vperfusion and taifrusion. By adding a recovery step of duration trecovery to the punctual DoD sequence,
with all flows stopped, repetitive sampling can be performed, as DoD cycles. This lets the tissue equil-
ibrate its concentration over an equilibration time tequiiibration, defined in equation (1). It ensures that the
next cycle will start with initial conditions nearly identical to the initial conditions of the previous one.
This prevents the formation of a stable depletion layer in the tissue, that would result in a transient
regime with a decay of n across subsequent samples. The temporal resolution is equal to teyce, defined
in equation (2).

tequilibrution tmove + trecovery (1)

tcycle = tperfusion + tdiffusion + tsampling + tequilibration (2)

3.4. DoD simulations

The effects of taifrusion aNd tequilibration OVer the recovery fraction of samples collected with DoD were stud-
ied in a passive tissue, with a finite element analysis model. It considered the tip of the needle at the
center of a cube of 0.6% agarose containing a single analyte (glucose), and with a parallelepipedal 30
nL pocket of perfusate between them, covering the needle, as displayed in Figure S2a. Initially, the
spatial concentration in the perfusate and in the agarose were homogeneously set to 0 uM and 1 uM
of glucose respectively, with mass transport occurring by diffusion only. The spatial concentration in
the system was simulated over time. Figure 2a reports the evolution of the average glucose concentra-
tion in the pocket over a single diffusion step, against tgirusion, for pocket thicknesses from 20 to 160
pum. As expected, the simulations confirm that 1 increases with taitrusion, €ven if longer taifrusion is required
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to reach am of 1. They also show that the increase rate of | reduces as n approaches 1. This mitigates
the utility of increasing the diffusion time much more, especially for repeated sampling, if temporal
resolution is important. In addition, the thinner the pocket of perfusate, the faster 1 increases, thus
suggesting using small perfusion volumes. In real conditions, the effective thickness of the pocket of
perfusate is uncontrolled and could influence the absolute results, but not the general evolution of n
with respect to the diffusion time.
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Figure 2 Simulations of DoD considering diffusion of glucose from an agarose brain phantom to a pocket of perfusate covering
the needle of the probe. a Simulated punctual DoD sequence: evolution of the recovery fraction in the pocket during the
diffusion step, as function of tugusion, for different pocket thicknesses. b Simulated DoD cycles applied repetitively and imple-
mented in three steps: a diffusion step over 10 s of taigusion, instantaneous sampling, and variable equilibration step over 1 to
60 s of tequilibration between two samplings. The simulated recovery fraction of the collected samples is reported by stars con-
nected by dashed lines to guide the eyes.

Repeated DoD cycles were simulated to study the effect of the equilibration time, by monitoring the
evolution of n| across samples. Based on the model above for punctual sampling, cycles were simulated
repeatedly, in three steps: diffusion of molecules from the medium to the pocket of perfusate over
taiffusion, iNstantaneous sampling of the pocket and equilibration in the medium only, over tequilibration,
until the next cycle. Using this model, the average 1 in the pocket at the sampling points is reported by
stars in Figure 2b, for cycles that use a diffusion time of 10 s, an equilibration time from 1 to 60 s, and
a 40 um pocket of perfusate. All conditions provide a first sample as shown in the first diffusion step in
Figure 2a. With short equilibration times of 1 s (fast DoD), 1 decreases across subsequent samples,
thus illustrating of a short transient regime, similar to the one expected for continuous sampling. For
60 s of equilibration (stable DoD), the transient regime is significantly reduced, and 1 is maintained at
a high level throughout the sampling process. In these conditions, repeated sampling cycles are equiv-
alent to punctual DoD sequences. The longer tcce reduces the temporal resolution, however this might
not be critical unless fast variations are being tracked, depending on the study.

Overall, this confirms that increasing the diffusion and equilibration times enables sampling at high
and steady m. This model assumes instantaneous pocket creation and sampling, but practically, diffu-
sion into the perfusate would occur from the beginning of the perfusion to the end of the sampling. It
is therefore adequate to study the concepts of DoD, but strict comparison to experimental data should
be avoided.
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3.5. DoD sampling in vitro

In vitro experiments verified the implementation of DoD in the probe, by sampling salts from an aga-
rose gel brain phantom soaked in 150 mM NacCl, as in Figure 3a. The tip of the probe was inserted at
the center of the gel to emulate sampling in the brain. It reproduces the hydraulic conditions in the
brain better than fluid in a beaker, however it is less dense and does not integrate the exchanges and
metabolism in the brain. Nonetheless, this is a valid model??°%°8 to confirm the features of the DoD.
The inlet and perfusion lines were driven by syringe-pumps and respectively filled with PFD and an
aqueous solution of 300 mM sucrose, as perfusate with low conductivity. Pressure control combined
with a flow sensor at the outlet, provided a reactive fluidic system and limited the negative pressure
applied to the gel, thus preventing direct sampling by ultrafiltration. A DoD cycle started by infusing
perfusate at 5 nL/s to create a 30 nL pocket of perfusate in the gel. The diffusion time was varied from
1 to 60 s and the pocket was aspirated over 10 s at -3 nL/s by pulling the outlet to -150 mbar, as in
Figure 3b. After aspiration, the droplet was moved to the outlet by circulating PFD within the probe at
3 nL/s, for 40 s. All flows were then stopped, and a recovery time of 20 s was observed, resulting in an
equilibration time of 60 s before the next cycle. An example of actuation sequence is reported in Figure
S3, with DoD parameters in Table S1. While sampling, the electrodes in the outlet channel measured
the amplitude of the current across the droplets as in Figure 3c, which mirrors the conductivity, thus
the recovered NaCl concentration.
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Figure 3 DoD sampling experiments in vitro. a Fluidic setup for sampling of NaCl from an agarose brain phantom. A syringe
pump delivers perfusate into the gel, whereas the droplets are sampled by applying a negative pressure at the outlet. A second
syringe pump drives the PFD moving the droplets to the outlet storage capillary. The flow sensor allows matching the inlet
and outlet flow rates. b False-color image of the T-junction during a sampling step, with the aqueous phase aspirated within
the PFD phase. The current is measured across the droplets by the electrodes in the channel. ¢ The current amplitude across 3
subsequent droplets. The baseline current corresponds to PFD, whereas droplets generate a current pulse, that translates the
recovery fraction of NaCl nnac.. d Characterization of the effect of the diffusion time over nnaci. The trend of the experimental
data is compared to simulations considering the diffusion of Na* or CI- into a 40 um thick pocket of perfusate.

Figure 3d reports the recovery fraction of NaCl over the diffusion time and shows that the collected
concentration increases with tqifrusion, until 10 s. The variability likely comes from the high sensitivity of
the measured concentration to the diffusion time, since a strong concentration gradient exists between
the pocket and the medium, and from the non-instantaneous sampling. For longer diffusion times, the
recovery fraction reaches a plateau at 0.89+0.04, with reduced error bars, probably limited by the local
dilution by the perfusate. Simulations with Na* and CI" as the analytes, with a 40 um thick pocket are
added in Figure 3d. The real thickness of the pocket is unknown; however, it is expected to be within
tens of microns, up to the thickness of the probe. This uncertainty prevents quantitative comparison,
but the experimental data appears to follow a trend consistent with simulations. Moreover, no transi-
ent regime appeared in any of the DoD sampling conditions used (Figure S4a), even when the equili-
bration time was reduced to 6 s. This could be due to the thin pocket of perfusate and to the sampled
volumes being small enough, so that the quantity of removed analyte was negligible, but also to the
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high diffusion coefficients of Na* and Cl"in water, 1330 and 2030 um?/s, respectively. These results were
verified to be specific to DoD, by using the probe in continuous sampling mode (Figure S4b). Opposite
to DoD results, brief transient regimes were observed, together with lower 1, dependent on the flow
rate. These experiments verified that the high n and the absence of transient regime are inherent to
DoD and thus validated the implementation of the probe in vitro.

3.6. DoD sampling in vivo

To demonstrate the potential of DoD in a complex in vivo setting, DoD was applied in the striatum of
mice anesthetized with ketamine/xylazine. The setup and methods were similar to the ones of in vitro
experiments. The inlet and outlet lines were primed with PFD, whereas the perfusion line used CNS
perfusion fluid. The probe was secured on a holder mounted on a stereotactic frame as in Figure 4a
and inserted into the brain of the animal, with a small hole in its skull. During insertion, all lines dis-
pensed fluid at 3 nL/s to avoid clogging the channels and the flows were stopped once in position. Two
cleaning cycles were performed to remove the dispensed fluids and potential debris, until clean sam-
ples were seen at the outlet. The probe was then left idle for 10 minutes, for the tissue to equilibrate.
DoD cycles were then applied, with a sufficiently long equilibration time to consider them as individual
sequences. During sampling, the droplet-sensing electrodes tracked the droplets and verified success-
ful operation (Figure S5). The flow sensor at the outlet enabled adjusting the sampling duration and
pressure, to compensate for changes of hydraulic resistance during the experiments. This prevented
perfusing PFD to the brain or sampling by ultrafiltration (Figure S6). At the end, the probe was removed,
and the animal was sutured back and allowed to recover. The procedure did not induce any noticeable
impairment.

DoD cycles infusing 30 and 60 nL of perfusate enabled reliable droplet sampling (Movie S1), with char-
acteristics in Table 1. Droplets smaller than 12 nL happened to split on the storage capillary walls, until
collected by the next droplet, thus giving a temporal resolution of 1 to 2 t¢.e. Functional treatment of
the capillary prevented this, by reducing biofouling and the wetting. However, the effect fainted over
time with in vivo samples, as illustrated by the contact angle between the droplet and the walls of the
capillary in Figure 4a. Using a perfusion volume of 60 nL provided larger droplets, with a better sam-
pling yield, defined as the rate of sequences producing a droplet successfully with respect to all the
sequences applied. Although this increased droplet volume led to less droplets merging in the capillary,
the larger perfusion volume could dilute them more, depending on the characteristics of the created
pocket of perfusate.
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Figure 4 In vivo DoD experiments: from sampling to quantification of glucose in the droplets. a The probe sampled droplets
from the mouse striatum, that were collected in the storage capillary at the outlet within PFD. b Picoinjection of the additive
into the raw droplets at a custom-made junction. ¢ Droplet analysis by direct infusion nanoESI-FTMS and electrospray of the
analytes in front of the mass spectrometer. d lon chromatogram showing the relative abundance of the detected species in in
vivo samples. e 30 nL reference droplets of glucose and IS were used to calibrate the ratio between the two analytes. f Cali-
bration of the glucose signal measured in reference samples with 250um |IS.
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Table 1 Characteristics of droplets sampled in vivo by DoD.

Perfusion Average Standard Median s B Number of  Sampling
volume droplet size deviation droplet size quartile quartile droplets yield
[nL] [nL] [nL] [nL] [nL] [nL] -] [%]
30 9.9 4.1 9.6 7.2 114 88 85
60 24.4 15.7 21.0 12.2 30.7 115 91

3.7. Quantification of glucose

NanoESI-FTMS was selected to analyze the content of the droplets, not only because of its multiplexing
and absolute quantification capabilities, but also for its sensitivity, its compatibility with nanoliter-sized
samples separated by perfluorodecalin, and its robustness to ion suppression***4, Glucose is essential
to the brain and presents metabolic dysfunctions in multiple neurodegenerative diseases®, such as
upon aggregation of amyloid-f peptides®®. Therefore, it proved a suitable metabolite to demonstrate
the performances of DoD. Glucose could be detected by direct infusion of raw in vivo samples, but the
complex sample matrix and the absence of separation method prevented direct quantification reliably.
Therefore, an additive containing a glucose isotope,*3CsH1,06, prepared in deionized water and ACN,
was used as an internal standard (IS). After sampling, the additive was added to the raw droplets by
picoinjection using the custom-made T-junction in Figure 4b, thus diluting 10 times the glucose and the
salts inducing ion-suppression. The final IS concentration was set close to the final glucose concentra-
tion and the final ACN content to 30%. Droplets with additive were infused through the emitter under
high voltage and sprayed into the mass spectrometer as Figure 4c. The signals of glucose and IS were
monitored as [M+Na]* adducts at 203.053 m/z and 209.073 m/z respectively, and their relative abun-
dance was measured as in Figure 4d. The median ratio over the passage of droplets was evaluated
(Figure 4e), and a calibration with reference droplet samples was acquired (Figure 4f). The signal of
glucose depended linearly on the glucose concentration, whereas the signal of 250 uM IS did not vary
within the final 100-1000 uM glucose range. Thus, the IS was a suitable reference for absolute quanti-
fication of glucose.

3.8. Glucose in brain samples

The effect of the diffusion time on the glucose concentration collected in vivo was studied. Figure 4
shows the method used to quantify glucose sampled in the brain of mice with DoD. Figure 5a reports
the glucose concentration of the 10 first subsequently collected droplets of a sampling session with an
animal, using a diffusion time of 10 s, with 30 nL of perfusate and parameters in Table S1. The insets
show the nanoESI-FTMS signals obtained for glucose and 200 uM IS, and their ratio. No clear decay of
the concentration, typical of a transient regime, was observed across the samples and the mean con-
centration of glucose was quantified at 2.73+0.35 mM. Reducing tgitfusion to 1 s reduced the concentra-
tion of recovered glucose, as reported in Figure 5b. Using 60 nL of Vyerfusion provided a similar trend,
with the mean glucose concentration reaching 3.48+£0.17 mM after 60 s of diffusion, without any tran-
sient effect observed. For a diffusion time of 10 s, the concentration was slightly lower with Vperfusion Of
60 nL than with 30 nL. This was not investigated further but could be due to the perfusion volume
influencing the shape of the pocket, or to the insertion affecting the contact between the probe and
the tissue, or to different glucose concentrations in the animals.
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Figure 5 Glucose measured from droplets collected in vivo. a The concentration of glucose is measured in the first 10 subse-
quently sampled droplets, using a perfusion volume of 30 nL, a diffusion time of 10 s and an equilibration time of 30 s. The
dashed line represents the median concentration of 2.75 mM. The insets show the signals of glucose and IS by nanoESI-FTMS,
with their median ratio. b Glucose concentration measured in droplets sampled with perfusion volumes of 30 nL and 60 nL, as
a function of the diffusion time used by the DoD sequence.

4. Discussion

A new sampling approach was inspired by the limitations of state-of-the-art continuous sampling meth-
ods. The proposed DoD sequence was described (Figure 1) and implemented in a microfabricated
probe, then confirmed by simulations and samplings in vitro. The simulations in Figure 2 illustrate the
effects of the thickness of the perfusate pocket and of the diffusion and equilibration times on the
recovery fraction, for punctual and repeated DoD samplings. The in vitro samplings reported in Figure
3 confirmed the increasing recovery fraction with the diffusion time, predicted by simulations. An ap-
propriate choice of perfusion volume, diffusion and equilibration times provided a high and steady
recovery fraction across samples, equivalent to no transient regime. These characteristics are unique
to the DoD method.

DoD was also applied in vivo and an analytical protocol with nanoESI-FTMS was developed. Herein, we
demonstrated that DoD successfully enabled collecting samples from the brain over sampling windows
of 60 to 120 minutes, depending on the duration of the anesthesia. 30 and 60 nL perfusion volumes
resulted in respective sampling yields of 85% and 91%. Despite the brain surface did not show any
backflow leaking out, only 33% and 40% of the perfusion volumes were sampled back respectively (

Table 1). Due to the density of the brain, a negligible fraction of the perfusate was expected to pene-
trate the tissue and the perfusion rate was kept low to avoid backflow of perfusate®®. Although we did
not observe any leak, the missing volume of perfusate infused at the tip has likely flown back along the
needle, towards the surface of the brain. This highlights the need to further investigate the formation
of the pocket of perfusate in the tissue and optimize the perfusion volume. The appropriate parameters
are influenced by the mass transport of the analytes. When sampling repeatedly, they directly deter-
mine the temporal resolution, given by the cycle time. Reducing the fluidic volumes could improve it,
thus requiring a shorter diffusion time. However, not all analytical methods are suited for small samples
and not all analytes require fast sampling®.

Quantification of glucose in the droplets collected in vivo showed that the DoD method is suited for
sampling molecules in the brain (Figure 4). The effect of the diffusion time over the recovered concen-
tration, predicted by simulations and observed in vitro, was confirmed in vivo (Figure 5). No transient
regime was observed in any of the conditions and therefore the minimal required equilibration time
was not investigated. Consequently, the first sample is already representative of the tissue concentra-
tion, and in these conditions, a reliable sample can be obtained within a sampling session as short as
20 minutes.

The glucose concentration in the brain was reported in the 0.3 to 3.3 mM range in the literature, meas-
ured with many methods® and in different brain compartments in rats®®. The values measured in this
work (Figure 5) are close to the highest reported values, and higher than the concentrations of
350+20% and 530 uM® reported in the striatum of awake rats with microdialysis. Similar values are
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expected in the mouse striatum and the difference is likely explained by a hyperglycemia induced by
the anesthesia, as verified by blood glucose measurements from the tail vein of an animal. In the blood,
a glycemia of 8.1 mM was measured 5 minutes after anesthesia and it increased around 23.8+3.2 mM
over the duration of the sampling session. These measurements suggest that blood glucose levels in-
creased to at least 294% of the baseline euglycemia level. This is in agreement with the reported hy-
perglycemia level at 268% of the baseline 60 minutes after anesthesia with ketamine/xylazine, which
reached up to 460% of the baseline in some cases®®. This can explain the high concentration measured
in the samples and suggests that the hyperglycemia induced in the bloodstream by the anesthesia is
reflected in the striatum. Not knowing the exact tissue concentration in these conditions makes it dif-
ficult to estimate the true recovery fraction of glucose. However, based on the measured values and
on the literature, it is probably high. Moreover, like observed in vitro, the effect of the diffusion time is
clear, and no transient regime was observed, thus validating the implementation of DoD in vivo.

5. CONCLUSIONS

DoD was demonstrated as a new sampling paradigm through in vitro and in vivo experiments. As a
proof of concept, DoD was applied to quantify the glucose in the striatum, by nanoESI-FTMS, per-
formed on the retrieved droplets. The results confirmed that the hyperglycemia induced in the blood-
stream by ketamine/xylazine is reflected in the striatum. Sampling in awake and freely moving animals
should be possible as it would only require updating the probe and the animal license, that were in-
tended for acute experiments in anesthetized animals.

DoD can be tailored to the needs of the in vivo study and by adequate choice of the parameters, sam-
ples that closely mirror the true tissue concentration can be obtained for absolute quantification. This
should be optimized according to the target molecules. In addition to glucose, glutamate and acetyl-
choline were detected in DoD samples, and their quantification will be optimized for future studies. In
parallel, the characteristics of the pocket of perfusate will also be investigated.

Among the fluidic sampling solutions, DoD offers sequential sampling, with similarities to the pro-
posed, but, to the knowledge of the authors, never implemented digital microdialysis approaches®”-,
It features on demand sampling at high recovery fraction, and outputs one sample per punctual se-
guence. Multiple samples with high and stable recovery fraction can be obtained by repetition, while
letting the tissue equilibrate between samplings. The collected samples can later be used inde-
pendently for statistics or to track an absolute variation over time. They can also be merged to provide
a single, large, and highly concentrated sample.

Due to the absence of transient regime, the first sample is already representative of the ECF content,
and subsequent samples are not influenced by the previous sampling history. This allows experiments
as short as 20 minutes for a single sample and collection of multiple relevant samples with a temporal
resolution of 1-2 minutes over longer sampling sessions. The exact performances will depend on the
target analytes, but these features distinguish DoD from continuous sampling methods with a transient
period, that use droplets to improve temporal resolution. Instead, DoD is a novel and complementary
method that provides droplet samples mirroring the tissue concentration at each cycle, thus enabling
absolute quantification while reducing the duration of experiments. Performing DoD and microdialysis
in parallel could provide further insights on the potential of DoD and improve the calibration of micro-
dialysis probes.

The current implementation could find direct applications in the study of volume transmission and
hormone fluctuation events'3, and the absence of transient regime could improve the study of phar-
macokinetic transients following a bolus or a steady infusion®2. Contrary to obtaining a high recovery
fraction, reaching a higher temporal resolution requires reducing the cycle time. Reducing the fluidic
volumes might enable to meet both criteria but suitable analytical methods should be available to
process such smaller samples®.
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The absence of transient could possibly enable quantifying analytes with slow accumulation dynamics
and mass transport, that would otherwise be discarded during the transient period of continuous sam-
pling methods and of which the recovery fraction could be too low for reliable measurement. The ab-
sence of membrane on the DoD probe could allow collection of large biomarkers?, such as extracellular
vesicles’®. Having a relatively low abundance, they would benefit from the high recovery fraction of-
fered by DoD. These biomarkers are rich in analytes, namely microRNAs’?, which could provide valuable
insights on brain pathologies and guide efficient treatments. Fast access to samples mirroring the true
tissue concentration could improve the diagnostic and monitoring of neurodegenerative diseases,
which develop slowly, and induce molecular concentration changes and protein aggregation in the
brain. Obviously, the DoD approach is applicable to other tissues.

6. SUPPORTING INFORMATION

Supporting Information: Fabrication process; DoD simulations; Flow actuation diagram; DoD sampling
in vitro — concentration of subsequent DoD samples; DoD sampling in vivo — electrical droplet detec-
tion; DoD sampling in vivo — flow rate; DoD sampling in vivo — parameters of movie of 6 DoD cycles,
Table of sampling parameters for experiments (PDF file).

Supporting Movie “6 DoD cycles in vivo” (MP4 file).
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