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a b s t r a c t

Oxygen and glucose biosensors have been designed, fabricated, characterized and optimized for real-
time continuous monitoring on a new smart catheter for use in patients with traumatic brain injury
(TBI). Oxygen sensors with three-electrode configuration were designed to achieve zero net oxygen con-
sumption. Glucose sensors were based on the use of platinum nanoparticle-enhanced electrodes that
were modified with polycation and glucose oxidase immobilized by chitosan matrix. An iridium oxide
electrode was developed to work as a biocompatible reference electrode with enhanced durability and
stability in the biological solutions. A study of the effect of temperature on oxygen sensor performance,
and both temperature and oxygen effects on glucose sensor performance were accomplished to enhance
xygen sensor

raumatic brain injury
ab-on-a-tube
ontinuous monitoring

their operative stability and provide useful information for in vivo applications. A new methodology for
automatic correction of the temperature and oxygen dependence of biosensor outputs is demonstrated
through programmed LabViewTM software. In vitro experiments in both physiological and pathophysio-
logical ranges (oxygen: 0–60 mmHg; glucose: 0.1–10 mM; temperature: 25–40 ◦C) with clinical samples
of cerebrospinal fluid obtained from TBI patients have demonstrated stable measurements with enhanced

easib
accuracy, indicating the f

. Introduction

Traumatic brain injury (TBI) disrupts the normal function of the
rain and is a leading cause of morbidity and mortality world-
ide. The pathophysiology of TBI is usually classified as primary

nd secondary events. Primary events include initial injury and
ariable degrees of irreversible neuronal damage or death. The sec-
ndary events involve a cascade of molecular, cellular and tissue
rocesses in response to the initial injury, and therefore represent

easible targets of therapeutic interventions. The aim of TBI man-
gement in neuro-intensive care units (NICUs) is to prevent, detect
nd treat secondary brain injury in order to reduce injury pro-
ression and improve outcome. Recent clinical trials indicate that
he multimodality approach to cerebral monitoring can improve
atient outcome after TBI (Tisdall and Smith, 2007; Wartenberg et
l., 2007; Wright, 2007; Kim, 2006; De Georgia and Deogaonkar,

005; Mulvey et al., 2004).

The cellular damage that occurs after TBI is reflected in changes
f cerebral metabolism and energy state in brain extracellular fluid
ECF) (Werner and Engelhard, 2007; Smith, 2005). Biochemical
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ility of the sensors for a real-time continuous in vivo monitoring.
Published by Elsevier B.V.

changes in ECF are early markers of the brain ischemia and hypoxia,
which are central causes of brain damage in TBI patients (Belli et al.,
2008; Tisdall and Smith, 2006). Thus, measurement of brain tissue
biochemistry has the potential to provide early detection of sec-
ondary injury after TBI and guide therapy before further neuronal
damage occurs. Neuronal survival relies on an adequate supply of
oxygen and glucose from neighboring capillaries to generate adeno-
sine triphosphate (ATP) by cerebral blood flow. Any decrease in
perfusion in the brain causes additional secondary ischemia and
injury, and thus may contribute to poor outcomes (Meixensberger
et al., 1997). Previous studies have suggested that reduced ECF glu-
cose concentration and tissue hypoxia are associated with poor
outcomes after head injury (Schlenk et al., 2008; Vespa et al., 2003;
Nortje and Gupta, 2006; Stevens, 2004). Since oxygen and glu-
cose are critical for the recovery of injured tissue (De Georgia and
Deogaonkar, 2005), simultaneously monitoring brain oxygen and
glucose can be helpful for the early detection of secondary injury,
and may enable prompt therapy.

Currently, two main devices, Licox (Integra Neuroscience) and
Neurotrend (Codman), are used to measure brain tissue oxygen

tension (PbtO2). Jugular bulb oximetry (SjvO2) is used in a very few
centers to measure global cerebral oxygenation. Cerebral microdial-
ysis (MD), which provides on-line brain tissue biochemistry, is also
used by a very few investigators to measure ECF glucose concentra-
tions. The disadvantages of the current PbtO2 and MD monitoring

http://www.sciencedirect.com/science/journal/09565663
http://www.elsevier.com/locate/bios
mailto:lic2@ucmail.uc.edu
dx.doi.org/10.1016/j.bios.2009.06.032
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echniques are that they only provide measurements for a small
egion of the brain, with wide variability throughout the injured
rain tissue. Conversely, SjvO2 provides a measure of global cerebral
ximetry, but is notoriously labor-intensive and tends to produce
nreliable data and artifacts.

CSF oxygen partial pressure (PcsfO2) has been proposed as a
urrogate marker for brain tissue oxygenation and it is linearly
elated to the mean arterial oxygen pressure of brain tissues sur-
ounding fluid spaces (Jankowska and Grieb, 1979; Anzai et al.,
004; Zaharchuk et al., 2005). In addition, glucose levels in the
CF are between 20% and 30%, and CSF glucose values are typi-
ally 50–70% of plasma glucose levels (Evans et al., 2003). Based
n these relationships, simultaneous measurements of both ECF
nd CSF neurochemistry may make it possible to obtain a better
nderstanding of the pathophysiology of secondary brain dam-
ge. We have previously developed a novel lab-on-a-tube (LOT), or
mart catheter, which is capable of continuously monitoring mul-
iple physiological and metabolic parameters, as well as draining
SF (Li et al., 2009). In vitro experiments with clinical samples of
SF obtained from TBI patients have demonstrated stable pressure,
emperature, oxygen and glucose measurements for 5 days of con-
inuous monitoring. By integrating microsensors both inside and
utside the tube, it can simultaneously measure parameters both

n ECF and CSF. In the present work, enhanced accuracy of oxygen
nd glucose microsensors for in vivo application were described
ith clinical samples from TBI patients. A biocompatible iridium

xide electrode was developed to work as a reference electrode in
he three-electrode system to achieve minimal long-term drift of
lectrode potential in the biological solutions. Errors related to the
emperature dependence for oxygen sensor outputs and both tem-
erature and oxygen dependence for glucose sensor outputs were
reatly reduced through programmed LabViewTM software.

. Design and working principle

Oxygen and glucose sensors were designed for long-term in vivo
onitoring, while solving the associated major challenges (Wang,

008a,b; Koschwanez and Reichert, 2007). For the operation of
mperometric biosensors, it is desirable to isolate the reference
lectrode (RE) from participation in the electrochemical reaction
Bott, 1995). A Clark cell with three-electrode configuration can

eet this demand and is employed for the development of oxygen
nd glucose sensors.

.1. Reference electrode

The reference electrode is a key component of the electrochemi-
al biosensor. To date, miniature Ag/AgCl electrodes have been used
s a reference electrode for most applications. However, AgCl is
oxic and the quantity of AgCl in microfabricated Ag/AgCl electrodes
s very small. Moreover, AgCl is susceptible to reactions with elec-
roactive species. One promising alternate material is iridium oxide
IrOx), which is biocompatible, mechanically stable and exhibits

inimal long-term drift of electrode potential in fixed pH solutions
Ges et al., 2005; Yang et al., 2004a,b).

.2. Oxygen sensor

In the three-electrode mode of operation, oxygen is reduced to
ydroxyl ions at the working electrode (WE) and the hydroxyl ions
re oxidized to oxygen at the counter electrode (CE) for alkaline

olution (Yeager, 1984) as follows:

lectrochemical reaction at WE : O2 + H2O + 4e− → 4OH−

lectrochemical reaction at CE : 4OH− → O2 + 2H2O + 4e−
tronics 25 (2009) 173–178

In principle, there is no net consumption of oxygen nor pro-
duction of hydroxyl ions (Karagounis et al., 1986). Solid polymer
electrolyte (nafion) based oxygen sensors do not have the prob-
lems associated with liquid electrolyte dehydration, and they also
provide protection against fouling.

2.3. Glucose sensor

For implantation applications, amperometric enzyme-based
biosensors are currently superior to other sensor types due to
the high selectivity of enzymes. The two representative enzymes
are glucose oxidase (GOD) and pyrroloquinoline quinone glu-
cose dehydrogenase (PQQ-GDH). GDH based amperometric glucose
biosensors have the benefits of oxygen-independence and higher
catalytic efficiency compared to GOD (Laurinavicius et al., 1999;
Lau et al., 2007). However it suffers from either low substrate speci-
ficity or limited stability. On the other hand, GOD exhibits superior
substrate specificity and enhanced operating stability; and hence is
used in this work. Most in vivo glucose sensors rely on mediatorless-
based detection of hydrogen peroxide due to potential leaching
and toxicity of the mediator. Glucose is enzymatically converted
to hydrogen peroxide (H2O2) by glucose oxidase, and the H2O2 that
is so produced is electrochemically detected by the electrodes as
summarized below (Miyashita et al., 2009):

Enzymatic reaction : Glucose + O2 → gluconolactone + H2O2

Electrochemical reaction at WE : H2O2 → 2H+ + O2 + 2e−

Electrochemical reaction at CE : 2H+ + 1/2O2 + 2e− → H2O

Platinum nanoparticles were electrochemically deposited on Au
electrodes to provide a large available surface and enhance the ele-
crocatalytic activity for the H2O2 for glucose sensor (Li and Lin,
2007; Luo et al., 2006). The polycation poly(allylamine) (PAA) is
used to effectively eliminate interference (Yang et al., 2004a,b).
Chitosan, which has good biocompatibility, chemical inertness,
high mechanical strength and stable microenvironment around the
enzyme, is used as a GOD matrix (Kang et al., 2008; Krajewska,
2004).

2.4. Automatic correction approach

Clark-type amperometric sensors are influenced by tempera-
ture, and this can result in a change of output readings. Hence,
oxygen and glucose sensors need to be checked for their specific
temperature sensitivity. In combination with a temperature sensor
that continuously monitors environmental temperature, automatic
correction for changes in temperature are programmed through
LabViewTM by the following equation:

ICT = It + (It × FT )(T25 − Tt)

where ICT is the calibrated current for temperature dependency of
oxygen and glucose sensors (nA), Tt is the measured temperature at
the time t by temperature sensor (◦C), FT is the temperature factor
system (%/◦C), and It is the current measured at the time t during
experiments (nA).

Mediatorless-based glucose biosensors are also oxygen depen-
dent, and therefore oxygen dependence of glucose sensors outputs
are checked. Whenever oxygen tension decreases to less than
151 mmHg (air saturated), automatic correction for changes in oxy-

gen tension are programmed through LabViewTM by the following
equation:

ICO = ItT × SO151 − IB
SOt

+ IB
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here ICO is the calibrated current for oxygen dependency of glu-
ose sensors (nA), ItT is the current recorded at the time t after
orrection for temperature dependency (nA), IB is the background
urrent (nA), SO151 is the glucose sensitivity at the oxygen tension of
51 mmHg (nA/mM), and SOt is the glucose sensitivity at the oxygen
ension of measured by oxygen sensor at the time t (nA/mM).

. Experimental

.1. Materials

Glucose oxidase (GOD) (EC 1.1.3.4, Type X-S, Aspergillus niger,
36,100 U/g), �-d-glucose, chitosan (MW ∼ 105, 75–85% deacety-
ation), PAA solution, potassium platinum chloride (K2PtCl6),
cetaminophen (AP), ascorbic acid (AA), uric acid (UA), glutaralde-
yde (GA, 25%), Nafion® 117 (5%, w/w), acetic acid, sodium
hosphate dibasic (Na2HPO4), and phosphate buffered saline (pH
.4) were purchased from Sigma–Aldrich–Fluka. Iridium pellets
4N) were purchased from ESPI Metals (USA) and used as the metal
ource of the e-beam evaporator. RTV Silicone was obtained from
.G. Chemicals (USA). All chemicals were of analytical reagent

rade and were used as received. Five calibration gases containing
%, 2%, 3%, 5% and 8% oxygen concentrations were obtained from
right Bothers Inc. (Cincinnati, USA). Human CSF that was drained

rom TBI patients in the course of their treatment, and was normally
iscarded was obtained from University Hospital, Cincinnati.

.2. Apparatus

The model 215 benchtop research-grade pH/mV meter (Denver
nstrument Corp., CO, USA) was used to measure the open circuit
otentials (OCP) of iridium oxide (IrOx) relative to the Ag/AgCl (3 M
aCl). The dissolved oxygen content of the solution was measured
ith a dissolved oxygen meter (Oakton® DO 110, Fisher Scien-

ific, USA). A FreeStyleTM blood glucose meter (Therasense, USA)
as used for testing CSF glucose during experiments. A potentio-

tat (PalmSens, Palm Instruments BV, the Netherlands) provided
ll electrochemical functions necessary for the anodic oxidation
f iridium and electroplating of platinum nanoparticles. A cus-
omized detection circuit built on the printed circuit board (PCB)
ith LabViewTM control software was used to simultaneously mea-

ure glucose, oxygen and temperature outputs. Experiments were
arried out in a temperature controlled waterbath (H-1390, Hum-
oldt Mfg. Co., USA).

.3. Device fabrication

Standard microfabrication processes were used for the develop-
ent of oxygen, glucose and temperature microsensors. Briefly, a

apton film (Dupont 100HN) was cleaned and attached to the 6 in.
ilicon wafer, which had been spin-coated with polydimethylsilox-
ne (PDMS, Sylgard 184A and 184B). Ti/Ir/Au (150 Å/500 Å/900 Å)
ayers were deposited using e-beam metal evaporator (Temescal
C1800, BOC Edwards Temescal, USA) and patterned. 3 �m thick
arylene layer was deposited using Parylene deposition system
Model PDS 2010 Labcoter 2, USA) and patterned using RIE (March
S1701 RIE, USA) with patterned AZ4620 thick photoresist as an
xygen plasma protection layer. Subsequently, the substrate was
leaned with acetone, methanol and DI water.
.3.1. Iridium oxide reference electrode
The Au layer on the reference electrode was selectively etched

y Au etchant (TFA). A three-electrode electrochemical setup was
sed with the Ir microelectrode as the working electrode, a Ag/AgCl
lectrode as the reference electrode (3 M NaCl), and a platinum foil
Fig. 1. Photographs of a smart catheter with glucose, oxygen and temperature
sensors. Glucose sensor construction: Ti–Ir–Au/Pt nanoparticles/polycation/
GOx/nafion; oxygen sensor construction: Ti–Ir–Au/nafion/silicone; reference elec-
trode: Ti/Ir/IrOx/nafion; temperature sensor construction: Ti–Ir/Au/parylene.

(+99.99%) as the counter electrode. All electrodes were placed in an
electrolyte solution of 0.7 M Na2HPO4. The IrOx layer was formed
from Ir by employing repetitive potential pulses between −0.85 V
and 0.75 V versus Ag/AgCl at a frequency of 0.5 Hz. Then, 0.5–1 �l
nafion solution was applied on IrOx microelectrodes and annealed
at 120 ◦C for 1 h.

3.3.2. Oxygen microsensor
1–1.5 �l nafion solution was applied on the oxygen working and

counter electrodes as the polymer electrolyte membrane and dried
at room temperature for 15 min. Subsequently, they were cured at
120 ◦C for 1 h. Finally, 1.5–2 �l RTV silicone solution was applied as
the gas-permeable membrane and fully cured at room temperature
for 8 h.

3.3.3. Glucose microsensor
A 1.0 wt.% chitosan solution was prepared by dissolving 1.0 g

of chitosan in 100 ml of 1.0% acetic acid. The solution was stirred
at 300 rpm for 3 h and cooled to room temperature. 0.5 mg PAA
was dissolved in 0.5 ml of chitosan solution (1%), and then 10 �l
of glutaraldehyde solution (2.5%) was added into the PAA-chitosan
solution. 1 mg of GOD was dissolved in 0.5 ml of chitosan solution
(1%), and then 10 �l of glutaraldehyde solution (2.5%) was added
into the GOD-chitosan solution.

Platinum nanoparticles were electrochemically deposited
by cyclic voltammetry in 0.5 M H2SO4 solution containing
2 mM K2PtCl6 by cycling 20 times between 0.4 V and −0.25 V at
50 mV/s. Then, 0.2–0.5 �l of PAA-chitosan solution was applied on
the electrodes as the interference-free membrane and dried 2 h at
room temperature. Subsequently, 2–3 �l of GOD-chitosan solution
was applied and cured at room temperature for 4 h. Finally, 1.5–2 �l
of nafion solution (5%) was applied as the outer membrane and
cured at room temperature for 8 h.

3.3.4. Spirally rolling to form an intraventricular catheter
The Kapton film with temperature, oxygen and glucose

microsensors were cut into size (width = 3.5 mm; length = 150 mm)
and spirally rolled over the metal rod (CGSX-01, Small Parts Inc.,
USA) based on our previous work to form an intraventricular
catheter (Li et al., 2008). Smart catheters were ready to use after
they were soaked in a 2 mM glucose/PBS solution (pH 7.4) for 2
days.

Photographs of the fabricated device are shown in Fig. 1, which

illustrate the gold RTD, oxygen microsensor and glucose microsen-
sor. The entire smart catheter has an inner diameter (ID) of 1.5 mm,
an outer diameter (OD) of 1.7 mm and a length of 110 mm. The
length of the sensing region for the smart catheter is 16 mm.
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ig. 2. Characteristics of IrOx reference electrodes: (A) pH dependence of IrOx OCP.
B) OCP change of IrOx electrodes in artificial CSF and real human CSF solutions.

. Results and discussion

Smart catheters were placed into a closed container filled with
uman CSF. The solutions were kept in a temperature controlled
aterbath and equilibrated with calibration gases containing dif-

erent oxygen concentration. The solutions were renewed every 8 h
hroughout the complete calibration and monitoring time.

.1. Iridium oxide reference electrode

Coating the IrOx electrodes with nafion improved the stabil-
ty and protected the electrodes from protein-promoted corrosion
n aggressive biological solutions. A typical open circuit potential
OCP) response of the developed IrOx electrodes to pH changes
as shown in Fig. 2(A). The results demonstrated a linear super-
ernstian response with a sensitivity of −64.4 mV/pH from pH 4 to
H 9 at 37 ◦C. Fig. 2(B) shows that the OCP drifts of IrOx electrodes
re less than 29.8 mV in blood-stained CSF for 10 days. In gen-
ral, brain pH is in the region of 7.15–7.4. Clinical evidence of brain
tem death occurred when the pH approached about 7.05. Given
uch small dyanmic change of brain pH and that the pH depen-
ence of the developed IrOx electrode potential is −64.4 mV/pH,
he variance in IrOx electrode potential (less than ±50 mV) is neg-

igible to introduce significant errors for amperometric biosensors
hat have wide diffusion dominant region (bigger than 100 mV for
oth oxygen and glucose sensors). Thus IrOx electrode is viable for
ontinuous brain biosensors as a reference electrode. Because the
oncentration of CO2 in CSF solution decreases due to the open state,
Fig. 3. Characteristics of oxygen microsensor: (A) calibration plot of the oxygen sen-
sor in typical brain tissue oxygen tension range. (B) The effect of temperature on the
oxygen sensor responses.

the final pH of CSF solutions from five TBI patients used for the mea-
surements were in the range of 8.4–8.9 with resulting average open
circuit potential of 90 mV vs. Ag/AgCl RE. The potential of the work-
ing electrodes were maintained at 0.5 V and −0.7 V with respect to
the IrOx RE respectively for glucose and oxygen sensors.

4.2. Oxygen microsensor

Normal PbtO2 values are in the region of 25–45 mmHg. A value
below 15 mmHg is indicative of cerebral hypoxia that could lead
to permanent neuronal injury. Oxygen sensors that can measure
between 0 mmHg and 60 mmHg should account for all physiolog-
ical ranges in the brain. In vitro calibration was carried out in CSF
solutions that had been equilibrated at 37 ◦C with specified gas mix-
tures containing 1–8% oxygen. Fig. 3(A) shows the calibration curve
for oxygen sensors. Good linearity with a correlation coefficient of
0.9975 and sensitivity of 37.785 nA/mmHg were observed. Clark-

type oxygen sensors are influenced by temperature with a change
of output readings. The effect of temperature on the responses of
oxygen sensors was shown in Fig. 3(B). The temperature sensitivity
of oxygen sensor is 48.7 nA/◦C, which is approximately 3.5%/◦C.
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Table 1
Glucose content determination in CSF samples from TBI patients.

Sample number From FreeStyleTM

glucose meter (mM)
From fabricated
glucose sensor (mM)

1 1.1 1.07 ± 0.01 (n = 4)
2
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Fig. 4. Characteristics of glucose microsensor: (A) dynamic glucose response curve
at pO2 = 38 mmHg and T = 37 ◦C. (Inset) Calibration curve. (B) The effect of temper-
ature on amperometric response current of the sensor. (C) In vitro oxygen effect on
3.8 3.94 ± 0.03 (n = 5)
2.3 2.37 ± 0.01 (n = 6)
1.2 1.15 ± 0.01 (n = 4)
1.6 1.56 ± 0.02 (n = 5)

.3. Glucose microsensor

Normal CSF glucose concentration ranges from 2.5 mM to
.5 mM (Fishman, 2003). CSF glucose values are higher than in
CF with typical values being 50–70% of plasma glucose. As a
esult, glucose sensors that can measure between 0.1 mM and
0 mM should account for both normoglycemic and hypo- and
yperglycemic ranges in brain (ECF and CSF). A FreeStyleTM blood
lucose meter was used for testing glucose concentration in human
SF samples. Glucose concentration in CSF samples was then
djusted by glucose solution prepared with artificial CSF. Fig. 4(A)
llustrates the calibration curve for the glucose sensors at the tem-
ertaure of 37 ◦C and pO2 of 38 mmHg. They have the sensitivity
f 67.366 nA/mM in the linear range from 0.1 to 10 mM with the

inear coefficient of R2 = 0.9995. Fresh CSF samples were first ana-
yzed using FreeStyleTM blood glucose meter. The samples were
hen reassayed with developed glucose sensors. The results were
hown in Table 1. As can be seen, the results were satisfactory
nd agree closely with those measured by the commercial glucose
eter.

Temperature is an important factor for the overall kinetics of
he glucose biosensors with enzyme reactivity increasing with tem-
erature (Suelter, 1990). Fig. 4(B) shows the effect of temperature
n the current response of the glucose microsensors. The out-
ut current at certain concentration increased with temperature
ntil 40 ◦C with temperature sensitivity of 8.56 nA/◦C. GOD based
iosensors rely on the use of oxygen as the physiological electron
cceptor, so oxygen supply can influence sensor output. Fig. 4(C)
hows the calibration curve of glucose sensors measured under dif-
erent oxygen tensions. Glucose sensors maintain more than 82%
f their response to 10 mM glucose when the oxygen tension was
ver 58 mmHg. When the oxygen tension decreased to 23 mmHg,
bout 53% of the response was retained and the response of glu-
ose was not satisfactorily linear. Electroactive species such as AA,
A and AP can interfere with the detection of hydrogen peroxide
roduced by the enzymatic reaction. The PAA membrane results

n excellent permselectivity for the complete sensors. The effect of
he interferents on the glucose sensor was investigated in the pres-
nce of their physiological levels with a glucose concentration of
mM. The ratio of IG+1 (response current to 2 mM glucose in pres-
nce of interferents) to IG (response current to 2 mM glucose) was
.021 for 0.1 mM AA, 1.013 for 0.5 mM UA, and 1.035 for 0.2 mM
P.

.4. Auto correction using LabViewTM program

Temperature dependence for the oxygen sensor, and both tem-
erature and oxygen dependence for the glucose sensor were
orrected through programmed LabViewTM software. After auto-
atic correction for temperature effect, the errors for oxygen

ensors were reduced from 13.6 mmHg to 3.4 mmHg when the tem-

erature was changed from 37 ◦C to 30 ◦C (Fig. 5(A)). As shown in
ig. 5 (B), after correction the errors were reduced from 1.4 mM
o 0.6 mM for glucose sensor when the temperature was changed
rom 37 ◦C to 25 ◦C. The errors were also reduced from 4.3 mM
o 0.4 mM when oxygen tension was changed from 151 mmHg to

glucose sensors. (Inset) calibration plot for glucose sensor sensitivity response for
different oxygen tension.
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Fig. 5. Characteristics of auto-calibration using LabViewTM program: (A) oxygen
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icrosensor: pO2 is 38 mmHg and temperature is changed from 37 ◦C to 30 ◦C. (B)
lucose microsensor: first temperature is kept at 37 ◦C and oxygen tension is changed

rom 151 mmHg to 8.3 mmHg; then pO2 is kept at 151 mmHg and temperature is
hanged from 37 ◦C to 25 ◦C.

.3 mmHg. Much greater improvement in accuracy may be achieved
fter calibration of both sensors under more detailed conditions in
uture.

. Conclusion and outlook

Oxygen and glucose sensors on the new smart catheter have
een designed, fabricated, and optimized to improve their accuracy
nd reliability by addressing some of the major challenges for in
ivo biosensors. The metrological properties of the developed oxy-
en and glucose microsensors, as measured in the physiological and
athophysiological ranges in vitro, are satisfactory to continuously
easure both parameters in human cerebrospinal fluid. The accu-

acy of oxygen and glucose sensors was greatly improved by using

ridium oxide reference electrode and automatic correction for tem-
erature and oxygen effect through external LabViewTM software.
he next step will be to conduct a trial of the smart catheter in vivo
sing an animal model. The use of the smart catheter for multi-
odal neuromonitoring of patients is in its infancy. However, the
tronics 25 (2009) 173–178

experimental results presented above suggest that it can transition
from the research laboratory engineering benchtop into animal-
based models in order to set the stage for clinical trials.
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