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ABSTRACT: Microfluidic glucose biosensors and potassium ion selective
electrodes were used in an in vivo study to measure the neurochemical
effects of spreading depolarizations (SD), which have been shown to be
detrimental to the injured human brain. A microdialysis probe implanted
in the cortex of rats was connected to a microfluidic PDMS chip
containing the sensors. The dialysate was also analyzed using our gold
standard, rapid sampling microdialysis (rsMD). The glucose biosensor
performance was validated against rsMD with excellent results. The
glucose biosensors successfully monitored concentration changes, in
response to SD wave induction, in the range of 10−400 μM with a
second time-resolution. The data show that during a SD wave, there is a time delay of 62 ± 24.8 s (n = 4) between the onset of
the increase in potassium and the decrease in glucose. This delay can be for the first time demonstrated, thanks to the high-
temporal resolution of the microfluidic sensors sampling from a single tissue site (the microdialysis probe), and it indicates that
the decrease in glucose is due to the high demand of energy required for repolarization.
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Traumatic brain injury (TBI) has been described as a silent
epidemic by an editorial in Lancet Neurology journal.1 This

stark judgment is based upon facts such as the annual United
States incidence of TBI (390−445/100 000 population) being
higher than that of breast cancer (120/100 000 population),2

and an estimated direct and indirect cost of $60 billion in
2000.3

TBI may take many forms including intracerebral hemor-
rhage, subarachnoid hemorrhage, cerebral contusion, and
axonal injury. The primary injury refers to the damage of the
initial trauma and often occurs before the paramedics arrive at
the scene. In some cases, this is a small core that becomes
ischemic due to loss of blood flow and is surrounded by a
“penumbra” of tissue where local blood flow is substantially
reduced, compromising neuronal function but not viability.
Approximately 40% of TBI patients deteriorate in the days after
the initial injury,4 due to the onset of secondary injury, at a time
when the patient is being monitored in the intensive therapy
unit (ITU). Secondary injuries can be caused by ischemia,
cerebral hypoxia, cytotoxic cerebral edema, raised intracranial
pressure, neurovascular edema, and spreading depolarization
waves (SDs).
The spontaneous occurrence of SDs in the injured human

brain were first observed by the Strong/Boutelle collaboration.5

The mass depolarization of cells, first described by Leao in
1944,6 propagates like a wave over the cortex, leading to
temporary failure of ion homeostasis with a rise in extracellular
potassium and intracellular sodium and calcium and disruption

of cortical function. The depression of the electrical signal
coincides with a transient increase in blood flow and changes in
metabolism due to the high demand of energy needed to
repolarize the cells.7 SDs have been shown to occur in 56% of
TBI patients, often in stereotyped clusters8 and with a high
indicidence in other types of brain injury.9 They have been
associated with ischemic damage10 and the onset of neuro-
logical deficits.11 A study by Murray et al. showed that the
commonly used clinical covariates, such as age, pupil reactivity,
level of hypoxia, and motor score, only explain 30% of the
variance in TBI outcome.12 Results obtained by the Co-
Operative Study on Brain Injury Depolarisations (COSBID)
group, show that the occurrence of SDs independently predicts
poor patient outcome, and is a better indicator than any of the
currently used factors.13

In experimental models, SD waves can be detected
electrophysiologically or real-time imaging of blood flow can
be used to map the path of SD waves. High temporal resolution
is required as the SD wave takes a few minutes to pass any
particular point. Real time measurement of cerebral blood flow
(CBF) using laser speckle contrast imaging (LSI) has been
used to study SD propagation under both normal14,15 and
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ischemic16−18 conditions. It has been shown to be a good
tracker of SD waves16,19 and is a semiquantitative measure of
dynamic CBF.20 LSI has high spatial and temporal resolution
(30 μm and 1 s, respectively), providing a high-resolution map
of the evolution of cerebral blood flow.19 The number of
depolarizations and the clustering of these events are associated
with the growth of the infarct area21−23 due to ischemic damage
in the penumbra.16,17 It has also been shown that SD waves
may cycle around the site of injury, possibly explaining the
repetition at regular intervals seen also in some patients.15

Using MRI and PET imaging studies in patients, a UCLA
group has shown that during a persistent metabolic crisis, the
lactate/pyruvate ratio increases, and this has been shown to be
indicative of tissue atrophy at 6 months with oxidative brain
metabolism playing a central role.24,25 Studies of TBI patients
cortical glucose levels using classical microdialysis with hourly
samples, have indicated that depletion of brain glucose carries a
poor prognosis.26 However, this temporal resolution is
insufficient to detect the frequently occurring dynamic changes
that challenge the tissue. The metabolic signature of a transient
ischemia has been detected using implanted biosensors27 and
online rapid sampling microdialysis (rsMD),28 as a decrease in
glucose levels and increase in lactate levels, typically lasting 2−5
min.29 Using rsMD in animal studies, such a signature was also
found as an SD wave passes a MD probe,30 leading to an
extended reduction in brain glucose. In human studies, rsMD
could initially only show a correlation between the number of
SD waves and the fall in brain glucose.31 Improvements in
sensitivity of the assay and the development of algorithms to
reduce noise32 have confirmed the chemical signature of SD
waves in patients and shown that repetition of the events can

drive down the local glucose concentration, to a level where the
tissue is no longer viable.29 However, with the 1 min temporal
resolution coupled to the small (20−50 μM), rapid decreases in
brain glucose, the temporal resolution of rsMD is at its limit.
To study the temporal profile of SDs further, two important
challenges remain: to know the start of the SD event in the
microdialysis data and to detect the metabolism changes with
high temporal resolution. We have addressed the first with an
online potassium ion selective electrode (ISE)33 and the second
with an online glucose biosensor. For increased time-resolution,
the novel glucose biosensor together with the potassium ISE
were integrated in a microfluidic platform designed to monitor
the neurochemical effects of SD waves.

1. RESULTS AND DISCUSSION

1.1. Biosensor Characterization. The glucose biosensors
have an average sensitivity of 3.9 ± 0.6 × 103 nA/mM/cm−2 (n
= 15) and a T90% of 3.1 ± 1.3 s (n = 15). All results are
presented as mean ± standard deviation. The main sources of
noise are interference from the magnetic stirrer and the
injection of known glucose concentration used to assess the
sensor performance during calibrations. The inherently fast
time responses of these sensors allow for measurements with a
temporal resolution on the order of seconds.
Although the sensor is held at a 0.7 V (vs Ag|AgCl)

throughout the experiment, interference from other electro-
active species, namely, ascorbic acid and dopamine, is not an
issue due to the protection provided from the poly(phenol)
film used. Using a similar needle electrode, the interference

Figure 1. Glucose biosensor validation. (A) Comparison of glucose rsMD to biosensor data over the course of an procedure. Data was individually
time-aligned and analyzed using calibrations of sensors before being overlaid. The levels vary over the duration of the procedure and finally fall to
near zero after euthanasia at 107 min. (B) Comparison of glucose biosensor and rsMD data. (C) The mean difference in data measurement as a
function of the rsMD glucose value. From these data, on average across the concentration range, the concentration determined by the biosensor was
marginally, but significantly lower than that determined by rsMD (−16.6 ± 44 μM, p = 0.0001, n = 356).
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through this film has been previously assessed as negligible for
an ATP sensor detecting smaller changes.34

1.2. Biosensor Validation. To ensure that the online
biosensors were capable of detecting biologically relevant
concentrations of glucose in brain dialysate, the results from the
glucose biosensor within the microfluidic chip were compared
to the results of rsMD which analyzed the same dialysate
sample. Figure 1A shows that the results of the two analysis
techniques overlaid, after being individually analyzed and time-
aligned. This data set shows levels of glucose recorded in vivo
during 2 h. At 60 min, a blood clot was removed and at 127
min, the animal was euthanized, and glucose levels fell to near
zero. Glucose concentrations are fluctuating over the course of
the experiments, with both monitoring techniques showing
parallel changes, indicating good agreement between the
microfluidic glucose biosensor and rsMD glucose.
Figure 1B shows the comparison of three online biosensors

to the equivalent rsMD data. If the glucose measurement was
that of blood, it would be appropriate to use a Clarke error
grid.35 However, for continuous glucose monitoring, the
relative timing of paired results during a dynamic change is
very important.36 As both monitoring systems used in the
current study analyze the same dialysate stream from the same
extracellular tissue space, the mean difference between the two
techniques provides a better estimation of sensor performance.
This is shown in Figure 1C. On average, there is a slight bias for
the biosensor to report lower values compared to that of rsMD
(−16.6 ± 44 μM, p = 0.0001, n = 356). However, analysis
shows that the least squared regression slope is not significantly
different from zero.
1.3. Multimodal Approach to SD. A multimodal

approach was taken to investigate spreading depolarizations
and fully test the microfluidic platform. All the recordings were
individually calibrated and time aligned to t0, the time when the
SD wave reaches the MD probe. Figure 2 shows the
experimental setup used. The t0, t1, and t2 values were
determined experimentally as explained in the Methods section.
An overview of all the measurements taken is shown in

Figure 3. Successful induction of the SD wave was confirmed by
a DC negative shift and a transient suppression of the ECoG
activity (Figure 3B), which are characteristic of cellular

depolarization. The propagation of the SD wave could be
tracked by LSI; the passage of a hyperemic wave at a speed of

Figure 2. Translational setup. Not to scale. t0 is the time the event hits the MD membrane. t1 is the time delay before the dialysate, representative of
the event, reaches the sensors (on average 4 min). t2 is the dialysate transfer time from the sensors to rsMD (on average 15 min). A potassium ISE
and a glucose biosensor are placed within a chamber of 68 nL volume. Dialysate is passed to rsMD for flow injection analysis of glucose and lactate.

Figure 3.Multimodal response to an SD wave. (A) Blood flow at three
different ROIs in progressing distance (red, green, black) from the site
of the needle prick. (B) DC potential (light blue) and ECoG (dark
blue). (C) Microdialysate potassium. (D) Glucose readings from
rsMD (red) and dialysate biosensor (yellow). (E) rsMD lactate.
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4.4 mm/min passed the parenchymal microelectrode, and the

MD probe was verified (Figure 3A). By using such a

multimodal approach, we can be sure that changes in

concentrations given by the microfluidic sensors are a response

to a true event taking place in the brain tissue sampled by the

MD probe, which gives confidence in the interpretation of the

online MD sensor data.

The on-chip MD potassium ISE response is shown in Figure
3C. An increase in extracellular potassium is typical for an SD
wave and can be here observed in the microdialysate, given the
limitations of microdialysis sampling and dispersion. A detailed
study on MD online potassium measurement can be found in
ref 33. The glucose levels, as recorded by both the microfluidic
biosensor and rsMD, are compared in Figure 3D. The
concentrations correlate very well before and during the SD.

Figure 4. Microfluidic sensors. Panel (A) is a laser speckle image showing the left hemisphere through a thinned skull. The sites for needle prick
stimuli are indicated (NP1,2,3) and the positions of the intraparenchymal microelectrode (DC) and microdialysis probe (MD) are also marked.
Three circular ROIs were used to analyze the blood flow response around the implanted measurement sites. The color of the circle indicates the
trace seen in the blood flow graphs. The dotted line indicates the wavefront of the SD wave elicited by the second needle prick at the time of the still.
Panels (B−D) show the response of the microfluidic sensors of needle pricks conducted in the same rat under propofol (NP1,2,3). Panel (E) shows
the responses from a different rat under isoflurane (NP1). The gray dotted lines in (B−E) show the moment the SD wave hits the MD probe as
indicated by the change in potassium.
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After the SD, the rsMD trace is slightly higher, though the
difference is within the error calculated for Figure 1C. During
the SD, the concentration of glucose decreases by 12 μM in
both data sets. The rsMD lactate data is shown in Figure 3E,
where levels increase as the SD wave passes, as observed
previously in experimental and clinical monitoring of SD with
rsMD.14,29

1.4. Microfluidic Sensor Data: Neurometabolic Cou-
pling. To better appreciate the advantage of the finer time-
resolution of the glucose biosensor (as opposed to the minute
time-resolution of the rsMD), the responses of the microfluidic
sensors and of the near real-time CBF measurements are shown
in Figure 4. Four sections of data are shown, each being the
response to a different needle prick, from two rats, one under
propofol (Figure 4B−D) and the other under isoflurane
(Figure 4E). In all cases, blood flow, on-chip potassium and
glucose biosensor responses have been time-aligned (see
Methods section). A propagating hyperaemia is seen in the
laser speckle data with each needle prick, indicating a SD wave
passing through the area where the MD probe was implanted at
a speed of 4.4 mm/min, typical of first SD wave speeds.37 This
indicates that the presence of the MD probe did not alter the
propagation direction or speed of the SD wave. Furthermore,
the hyperaemic peak coincides with the onset of increase in
extracellular potassium, as detected by the microfluidic ISE.
Once the hyperemia has passed, the potassium levels begin to
fall to near baseline, indicating repolarization of the neuronal
cells. In each case the glucose biosensors show a transient
decrease in the local concentration. This is true for all four NP
data sets as seen in Figure 4. Interestingly, in our multi-needle-
prick model, brain glucose and CBF had all recovered to their
baseline value before the changes induced by the SD wave
(baseline [glucose] ≈ 0.47 mM under propofol, 0.105 mM
under isoflurane, and CBF ≈ 50% under propofol and 100%
under isoflurane).
Given microdialysis recovery (estimated in vitro as 32−33%),

these baseline values are in accordance with interstitial glucose
concentrations found in the literature to be in the order of 2−3
mM in anaesthetised animals.28 Although the higher cerebral
blood flow under isoflurane would lower the in vivo recovery of
a species not present in the blood,38 for glucose this would not
be the case as the blood flow is the source of brain glucose. The
extracellular level of glucose is a balance between this source
and the local utilization. Our lower baseline dialysate glucose
concentration under isoflurane compared to propofol is mainly
due to the anesthetic, since propofol increases brain glucose by
50% compared to isoflurane,39 and partly due to a slight
difference in the in vivo recovery of the MD probe. Given the
small sample of animals used in this study, we cannot conclude
on a significant quantitative effect of anesthesia on brain
glucose concentrations. The temporal relationship between
microdialysis potassium and glucose is however not influenced
by the anesthetics.
In one animal, after the second needle prick, there was a

transient drop in blood pressure (down to 48 mmHg), which
triggered the spontaneous propagation of a second SD wave 6
min after the induced SD (shown in Figure 5). Here, in
contrast to the SD initiated via the needle prick, the glucose
concentration decreases immediately as the SD passes the MD
probe.
The temporal coupling between membrane cell repolariza-

tion, cerebral blood flow, and glucose utilization can be seen for
the first time thanks to our subminute temporal resolution. The

microfluidic data from the four needle pricks was indeed
analyzed more closely by looking at just the microdialysate
potassium and glucose levels, as seen in Figure 6. Allocating the
point of change in potassium as t = 0, all potassium and glucose
concentration changes were aligned. The background level of
each is also removed and the relative changes (Δ[K+] and
Δ[glucose]) and timings can be closer assessed. In the top
graph, all of the potassium changes are overlaid. Clearly, each
SD wave causes a transient increase in MD potassium
concentrations, characteristic of transient extracellular potas-
sium changes observed with in situ electrodes.33,40 In the
bottom graph the glucose concentration changes are shown for
the same four needle pricks. The changes are all small and all
negative from the baseline. The magnitude of the changes in
glucose seen here are of similar magnitude to the changes seen
in patient data using rsMD.29 Interestingly, all four needle
pricks show some delay in the decrease of local concentration
compared to the start of the response of potassium. Note that
the glucose biosensor was always positioned upstream of the
potassium sensor. In calibrations, the biosensor responded to
the change in concentrations first (data not shown) and this
slight delay was taken into account when time-aligning the two
sensors. Therefore we can rule out this delay being due to mass
transport effects. There is thus a 62 ± 24.8 s (n = 4) delay
between the onset of the potassium and onset of the glucose
responses, which is of physiological origin. This time delay is
too short to be seen using the one minute sampling of rsMD.
The decrease in glucose actually coincides with the reversal of

Figure 5. Spontaneous SD wave following a spontaneous drop in
blood pressure. Top graph shows the blood flow; bottom graph shows
the online glucose (orange) and potassium (purple) data. The first SD
was induced from a needle prick. The second SD wave is a
spontaneous wave, likely to be caused by a drop in blood pressure
(gray line indicates when the blood pressure was at its lowest).
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the potassium trend, as seen in Figure 6. Re-establishment of
the ionic gradients after depolarization requires indeed much
energy to power the pumps to actively transport ions across the
cell membranes, and therefore the local demand for glucose
increases.
This coupling between restoration of ion homeostasis and

increased metabolic demand can be for the first time
unambiguously shown thanks to the very high-temporal
resolution of both the ISE and the glucose biosensor, which
analyze the same dialysate sample. Remarkably, despite a clear
hyperemia associated with each SD wave (see Figure 4B−E),
which presumably increases the supply of glucose and oxygen
from the blood, extracellular glucose drops. This has been
previously observed in cats using rsMD.14 It can therefore be
concluded that the drop in cerebral glucose, observed here in
rats, and elsewhere in cats and in brain injury patients, is the
consequence of the increased energy demand for cell
repolarization, demand which is not met by local supply from
the blood.

2. CONCLUSION
This study has shown the development of microfluidic glucose
biosensors to be instrumental in the development of a clinical
monitoring system. In this study, we used an in vivo needle
prick model, as a translational replica of a “mini” traumatic
brain injury to assess the performance of the new online

microdialysis biosensors and investigate neuro-metabolic
coupling in response to an SD wave.
The glucose biosensor was validated against rsMD glucose

with excellent results. A potassium sensor was additionally
placed on-chip within the analysis chamber to analyze the
sample of dialysate. Thanks to the fast time responses and
continuous analysis of microdialysate streams, this study has
allowed an unambiguous insight into the timing of the chemical
events that occur during an SD wave, a distinct advantage over
the currently used flow injection system. It was indeed found
that the decrease in glucose only occurred as the cells started
repolarizing, as indicated by the coincidence of the onset of the
glucose fall with the onset of the recovery of potassium. It was
concluded that when the cells begin to repolarize after the
passage of an SD wave, the supply of metabolic substrates by
the blood does not match the increased demand for
repolarization and so the local glucose concentration is seen
to fall. On-going optimization of the microfluidic manifold and
sensors41 for clinical use will drive this work forward. The small
sample size for the animal data in the current study restricts our
ability to analyze the mechanism of changes in detail. However,
the findings presented here highlight the potential that the
microfluidic system holds for the monitoring of brain injury
patients by allowing the analysis of multiple analytes in real-
time within the same low-volume dialysate sample. With the
very high temporal resolution this provides, the cause/
consequence questions can begin to be answered. More widely,
this technology could allow the detection and study of transient
ischemia or functional activation.

3. METHODS
3.1. Electrode Fabrication. The glucose biosensors in this paper

are based upon the combined needle electrodes,34 a photograph of
which is shown in Figure 7A. Briefly, 50 μm Teflon insulated platinum
wire (A-M Systems Inc.) and 50 μm polyester insulated silver wire
(AM systems) were threaded through a 27G hypodermic needle. The
wires were stripped of their insulator using a lighter to expose the
metal wire. Electrical wire was glued using conductive silver epoxy glue
(RS Components). Epoxy resin (Robnor resins, CY1301 and
HY1300) was used to fill the internal volume of the needle and
secure the wires in place. Once the epoxy had cured, the sharp end of
the needle was cut using a diamond saw (Buehler) to expose the
microelectrodes. The ends were polished using alumina slurries
finishing with 0.05 μm. The silver disc was chloridized by placing in
Referencing Solution (BAS) for 5 s, to create Ag|AgCl reference
electrode. Cyclic voltammetry was used to assess the surface of the
electrode. The working electrode consisted of a 50 μm diameter
platinum disc electrode. A scanning electron microscopy (SEM) image
of the polished needle tip can be seen in Figure 7B.

3.2. Glucose Biosensor Fabrication. All biosensors were
controlled via a lab built potentiostat feeding into a Powerlab 16/35
running LabChart Pro (AD Instruments). The combined electrode
was placed in a solution containing 50 mM Phenol and 4 mg/mL
glucose oxidase. The pH of the solution was buffered to pH 7.2. The
electrode was placed in the enzyme solution for 10 min. Then under
potentiostatic control, the working electrode was held at 0 V for 20 s,
polarized to 0.9 V for 15 min for electropolymerization, and then held
at 0 V for 20 s. The biosensor was gently rinsed with deionized water
and stored dry overnight at 4 °C before use. The biosensors were
characterized in a beaker containing phosphate buffer solution (PBS),
which was highly stirred. Aliquots of a concentrated glucose solution
were added to the PBS using a glass syringe (Hamilton), to create
known step changes in concentration in the bulk media. Figure 7C
shows the raw data of a 100 μM step change of glucose. The limit of
detection, calculated as 3x the standard deviation of the baseline signal,

Figure 6. Assessment of glucose and potassium changes. Time t = 0 is
the point where MD potassium levels start to increase. Potassium and
glucose levels were time aligned to each other using calibration data
(see Methods section). Background levels of both potassium and
glucose have been removed. (i)−(iii) are traces (B)−(D) of Figure 5,
respectively, and were conducted under propofol. (iv) is trace (E) of
Figure 5 where isoflurane was the anesthesia.
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is 1.5 μM. Figure 7D shows a calibration within the brain physiological
range. The data has been fitted with the Hill equation using IgorPro.
3.3. In Vivo Experiments. All animal procedures were carried out

in accordance with the German Laws for Animal Protection and
institutional guidelines. Two male Wistar rats were anesthetized with
isoflurane (5% induction, 1.5−2% maintenance) in a 70%:30% nitrous
oxide/oxygen mixture during all surgical procedures. Rectal temper-
ature was maintained at 37 °C using a servo-controlled heating
blanket. The left femoral artery was cannulated for continuous blood
pressure recording and hourly arterial blood gases measurements. The
left frontal and parietal bones were exposed and thinned out to
transparency using a dental drill. Drilling was performed under
continuous saline irrigation to prevent heat injury. The cavity formed
covered most of the left cerebral cortex and provided a field of view of
∼10 × 7 mm for LSI. Two small burr-holes were drilled into the
frontal and parietal cortex for subsequent needle pricks at two different
sites (see Figure 4A). Two small durectomies were drilled at 3.5 mm
posterior and 3.5 mm lateral to Bregma and 4 mm posterior and 3.5
mm lateral to Bregma for the parenchymal electrode and the
microdialysis (MD) probe, respectively. The durectomies were placed
in areas devoid of major blood vessels and at the edge of the field of
view so as to limit artifacts for LSI. The distance between the
microelectrode and the MD probe (≈0.5 mm distance) was as small as
possible to ensure simultaneity of the events at both measurement
sites.
After all surgical procedures were completed, LSI was started and

continued uninterrupted during the whole duration of the experi-
ments. The LSI method was implemented as previously described.15,19

After baseline imaging, the MD probe (MAB 6.14.2, Microbiotech,
Sweden) was implanted using a piezoelectric motor at a rate of 5 μm/
s, while being perfused with aCSF at a rate of 1.6 μL/min. The probe
was implanted obliquely to full membrane length (2 mm), so as to
ensure maximal sampling from cortical tissue. The MD probe outlet
was connected directly to a microfluidic analysis chip containing first a
glucose biosensor and then a potassium ISE.33 The dialysate stream
was then fed into the rsMD valve for flow injection analysis of glucose
and lactate. A schematic of the procedure setup is shown in Figure 2. A

glass microelectrode (2.5−3 μm tip diameter) was then implanted at a
depth of 500 μm. Direct current (DC) and electrocorticogram
(ECoG) were measured versus a subcutaneous sintered Ag/AgCl wire
electrode that served as a reference. The animal was earthed to the
instrumentation ground.

A waiting period of 45 min followed implantations, during which all
measured parameters (arterial blood pressure, CBF, brain glucose,
lactate and potassium, DC, and ECoG) stabilized to normal
physiological values. One animal was maintained under isoflurane
(1.5%), and the other animal was switched to propofol (38 mg/kg/h
infusion via tail vein), an intravenous anesthetic commonly used in
ITU for TBI patients.42 The effect of propofol compared to isoflurane
on CBF and SD waves has been discussed elsewhere.43,44 After
stabilization of all parameters, a first needle prick was performed on
the frontal cortex. The needle prick model can be understood as a
mechanically induced focal traumatic injury, causing one single SD
wave.45,46 After 1 h, when CBF had recovered to its baseline values, a
second SD wave was elicited by needle prick on the parietal cortex.
When the animal conditions allowed it, a third needle prick was
performed 1 h later on the frontal cortex, triggering a single SD wave.
In one animal, after the SD wave caused by the second needle prick, a
transient drop in blood pressure was observed (down to 48 mmHg),
which triggered the spontaneous propagation of a second SD wave
(see Figure 5). At the end of the experiment, the animals were
euthanised by intravenous injection of a high concentration of
potassium chloride (3 M KCl).

3.4. Data Analysis. Speckle contrast images were analyzed for
CBF by placing regions of interest (ROIs) of 1 mm diameter in areas
devoid of major blood vessels. Three ROIs were positioned around the
implanted electrode and MD to capture the SD wave as it approaches
and passes the probes (see Figure 4). CBF values are here reported
relative to baseline CBF under isoflurane taken as 100% CBF.
Electrophysiological data from the parenchymal microelectrode were
digitized at 250 Hz and low-passed filter for DC and high -pass filtered
for ECoG (0.1 Hz cutoff frequency in both cases). The online MD
data were analyzed independently and blindly for rsMD glucose and
lactate in Cologne and for the online potassium and glucose sensors in

Figure 7. Sensor design. (A) Photograph of combined needle electrode. (B) SEM image of the needle tip. The working electrode is a 50 μm
platinum/iridium disc; the reference electrode is formed by chloridizing the 50 μm silver disc to get Ag|AgCl; the counter electrode is the stainless
steel shaft of the hypodermic needle. (C) Raw data calibration using a 50 μm glucose biosensor. Biosensor is held at a constant potential of 0.75 V.
Aliquots of glucose standard are added and current response recorded. Purple arrow indicates the change in glucose concentration from 0 to 100
μM. (D) Calibration indicating current against glucose concentration using a 50 μm glucose biosensor. Data is fitted with the Hill equation giving an
apparent Km value of 11.35 ± 0.075 mM.
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London. Data were denoized using our previous published
algorithms.32 Before each in vivo experiment, an in vitro MD recovery
experiment was conducted, where the MD probe was moved between
known solutions at known times. This not only checked the
functionality of the MD probe but also allowed the time difference
between the known responses of the different analysis techniques to be
measured. If t0 is the time at which a change occurred at the MD probe
membrane, t1 is the length of time for this change to be detected at the
microfluidic sensors and t2 is the time to move the dialysate from the
sensors to being injected into the rsMD valve, as seen in Figure 2.
Once these values are known, all the individual data sets can be aligned
to the same time point, t0. All results presented in the text have been
time-aligned between the different analysis techniques.
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