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ABSTRACT: Urea sensors based on electrodes in direct contact with the medium have |
limited long-term stability when exposed to complex media. Here, we present a urea - JH
biosensor based on urease immobilized in an alginate polymer, buffered at pH 6, and <

placed in front of a newly developed fast and sensitive CO, microsensor, where the o |Urea additon

Time

electrodes are shielded by a gas-permeable membrane. The CO, produced by the urease
in the presence of urea diffuses into the microsensor and is reduced at a Ag cathode.
Oxygen interference is prevented by a Cr** trap. The 95% response time to changes in
urea concentration was 120 s with a linear calibration curve in the range 0—1000 ;M and
a detection limit of 1 M. The Ni** cofactor to improve sensor performance was
continuously supplied from a reservoir behind the sensor tip. The stability of the urea
sensor was optimized by the addition of bovine serum albumin as a stabilizer to the
urease/alginate mixture that was cross-linked with glutaraldehyde and Ca®* ions. This
immobilization strategy resulted in about 70% of the initial urea sensor sensitivity after
two weeks of continuous operation. The sensor was successfully tested in blood serum.
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H INTRODUCTION oxidation, and the sensors exhibited excellent long-term
stability by storage in air or defined buffer. Glucose was
found to interfere, and Ni catalysts have actually been
thoroughly studied for use in nonenzymatic glucose sensors."
The sensors were tested in media such as tap water and >100
times diluted urine. Apparently, there are no reports of
performance by long-term exposure to proteins and other
electrode-inactivating substances.

Indirect methods for urea quantification refer to the
enzymatic degradation of urea by urease prior to hydrolysis
product detection,” and such a technique is the focus of the
present study. Urease is a metalloenzyme that is commonly
extracted from plants such as Canavalia ensiformis (Jack
bean)'* and Glycine max (soybean) and bacterial sources such
as Bacillus pasteurii. It is highly selective in catalyzing the
hydrolysis of urea to ammonium (NH,") and carbon dioxide
(CO,) or its ionic forms (HCO;™ or CO;>7)"* depending on
the solution pH."> The metals at the active sites in ureases are
necessary for activating urea and water into reaction through a
hydroxide-bridged dinuclear nickel complex.'® Because of its
specificity and selectivity to urea, urease is being integrated as a
biomolecule recognition moiety in urea biosensors.

The development of electrochemical urease-based biosen-
sors has been the topic of several studies. Biosensors based on

Urea is a dominant final metabolite of nitrogenous compounds
in humans and animals (mammals), and blood serum urea
concentration is used as a marker for liver and kidney
function.' The urea concentration in human plasma varies
between 1 and 10 mM depending on the individual diet and
condition, whereas the concentration can be 50-fold higher in
urine.' In addition to the medical field, urea analysis is also
important in the agricultural and food industries and in
environmental monitoring. Urea is used widely as a nitrogen
fertilizer” in farming. In the food industry, urea released by
yeast cells by fermentation processes must be regulated as urea
forms carcinogenic ethyl carbamate in the presence of
ethanol.” Urea also plays a key role in the marine nitrogen
cycle, with excretion by marine bacteria and animals as the
source and phytoplankton consumption as major sink.* Long-
term urea exposure to aquatic ecosystems leads to
eutrophication, ammonia release after urea hydrolysis by
urease, and accumulation of the oxidation products of
ammonia such as nitrate, nitrite, and N20.5 Hence, reliable
analytical tools for urea quantification are essential.’

A variety of techniques have been developed for
determination of urea, by direct or indirect detection. Direct
determination of urea includes chromatographic’ and colori-
metric® methods that are reliable and have been widely used
for general monitoring. However, these techniques require
complicated sample preparation and/or sophisticated equip-
ment, making them unsuitable for online or onsite monitoring.
Direct detection by urea-oxidizing electrodes is possible using
Ni-based catalysis.” > Linear calibration curves over consid-
erable concentration ranges have been obtained by such direct
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Figure 1. Photograph (left) and schematic representation of the urea microsensor based on the CO, microsensor. The CO, produced from urea
hydrolysis diffuses through the gas permeable membranes of the CO, microsensor and is detected through reduction at a Ag cathode. The analyzed
medium should be at a defined pH around 6 to ensure that most inorganic carbon is present as CO,. All data presented were obtained in 10 mM

citrate buffer, pH 6. Photograph by Fapyane.

electrochemistry offer potential for high selectivity—sensitivity,
low detection limit, possibility for miniaturization, and fast
response. Hitherto, there are a number of publications focusing
on electrochemical urea detection using polyalanine or
glutamate dehydrogenase-assisted NH," sensing.'’~'* Direct
cathodic ammonia/ammonium oxidation™ and potentiometric
ammonium electrodes”' have also been applied. However, an
NH,"-sensing transducer is affected by the presence of NH,"
and possibly other cations in the electrolyte. Furthermore,
interference from easily oxidized small molecules may lead to
analytical errors. An alternative to specific determination of
NH," is to measure the current originating from binding of the
ions formed by urease action on a functionalized electrode
surface,”” but as might be expected, the performance of such a
sensor is highly dependent on the ionic composition of the
analyzed medium.

The first product of urease hydrolysis is carbamic acid which
is highly unstable and is further hydrolyzed into ammonium
and water. Some hydrazine is formed as a side product, and
direct anodic oxidation of this hydrazine can be used as a
detection mechanism.”> Hydrazine is formed by reaction
between two short-lived carbamic acid molecules, and only
relatively high urea (millimolar) concentrations could thus be
quantified by this approach.

The urease-based sensors described above are all based on
electrodes in direct contact with the analyzed liquid, and they
are thus prone to inactivation by medium constituents such as
proteins. No reports of long-term exposure to complex media
such as blood serum could thus be found. A solution to this
challenge is to apply CO, monitoring based on Severinghaus-
type CO, sensors.”* > Severinghaus-type sensors are based on
diffusion of dissolved CO, through a gas permeable membrane,
resulting in a pH change in a buffer behind this membrane.”’
Electrode fouling substances such as proteins cannot penetrate
the polymer membrane, and there should thus be basis for
better long-term stability in complex media. However,
Severinghaus sensors are characterized by unstable calibration
curves and poor performance at low CO,, resulting in

suboptimal performance of urea biosensors based on this
technique.”®

We propose a novel urea biosensor based on an
amperometric CO, microsensor” that is fast responding and
sensitive. The urease enzyme is integrated into the sensor by
entrapment, stabilization, and cross-linking in the alginate
polymer and inserted in a glass chamber in front of the CO,
microsensor. The urease mixture is buffered at pH 6 to ensure
that most of the CO, produced by urea hydrolysis is in the gas
form (not HCO;™ or CO;*7) to be able to diffuse through a
gas permeable membrane and into the CO, microsensor. The
effects of the enzyme amount, type, and concentration of
supplied metal cofactors and urease immobilization methods
on sensor sensitivity, response time, and stability are
elucidated. The novel urea sensor only requires a simple
sample preparation for urea measurement in blood plasma.

B RESULTS AND DISCUSSION

CO, Microsensor Performance. The most important key
parameter for successful urea biosensor performance, accord-
ing to the scheme outlined in Figure 1, is the performance of
the CO, microsensor”” itself. A typical CO, microsensor 90%
response time is 60 s. The linear range of a sensor optimized
for high sensitivity is about 0—500 yM CO,. When three
sensors were long-term tested, they exhibited no noticeable
change in zero current (I,) and CO, sensitivity during S
months of continuous polarization (Figure S1).

Effect of the Urease Amount. Successful performance of
our proposed CO, microsensor-based urea microsensor is
dependent on complete hydrolysis of urea diffusing into the
alginate/urease matrix so that urea is depleted before it reaches
the CO, microsensor tip. Similar biosensors, where NO;™ or
NO,™ is converted to N,O that is detected with a Clark-type
microsensor, also exhibit linear response to the analyte when
the ions are transformed before they reach the gas sensor.”””’
Several parameters such as the relative enzyme activity, the
concentration of the enzyme, the length of the reaction
chamber, the enzyme stability, and the immobilization
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Figure 2. Calibrations under various conditions of urea biosensors with urease in 5% alginate in front of the CO, microsensor. All experiments were
conducted at 20 °C and pH 6. (A) Calibration curves in the presence of 3 (1), 30 (2), and 220 (3) mg urease/mL. (B) Raw data for calibration
with 220 mg/mL urease. (C) Calibration curves of the sensor with 220 mg urease/mL in the presence of 0 (1), 1 (2), 10 (3), 25 (4), and S0 (5)
mM Ni**. (D) Raw data for calibration with 220 mg/mL urease in 5% alginate, supplied with 10 mM Ni**. The urea sensor tips were 80 ym.

efficiency all play important roles in the urea microsensor
performance.

Stability of the enzyme layer was optimized by entrapping or
cross-linking the urease in alginate in the presence of Ca** ions.
The Ca’* ions induce polymerization in alginate solution by
bridging two COO™ groups, forming a solid alginate gel. The
Ca®" ion itself was shown to have a beneficial effect on the
urease activity as it may mimic the cofactor function of Ni*"
(measured with Berthelot reaction, Figure S2A). The enzyme
layer thickness can be altered by regulating the space between
the tips of the enzyme chamber and CO, microsensor. We
routinely made the sensors with 200 ym distance between the
CO, microsensor tip and the enzyme chamber tip to ensure
complete hydrolysis of urea up to 1 mM. As shown in Figure
S3, a 100 pm distance, actually, also resulted in linear
calibration up to almost 1 mM. Longer reaction chambers
(>200 pm) resulted in impractically long response times.

In order to completely hydrolyze all the in-diffusing urea, the
amount of enzyme in the enzyme layer needs to be high. When
a low amount of urease was used (3 mg/mL), the sensor signal
was low and nonlinear. When the urease concentration was
increased from 3 to 30 mg/mL, the response was higher but
again nonlinear. A linear correlation of sensor response to urea
concentration in the range 0—500 yM was approached (r =
0.998) when urease concentration was increased to 220 mg/
mL in the enzyme chamber (Figure 2A). The 95% sensor
response time was 120 s after urea addition with a sensitivity of
0.6 pA/uM (tip size 80 ym) (Figure 2B). A 220 mg/mL
urease concentration was used for all subsequent tests.

Effect of Metal Cofactor Supply and Its Concen-
tration. Urease is the only known metallohydrolase enzyme
that utilizes nickel (Ni**) as a cofactor. The reaction catalyzed
by the binickel sites in urease is the hydrolysis of urea to form
NH," and CO,.***> The proposed mechanism of urea
hydrolysis at the active site involves production of the
hydroxide ion at the metal center, activation of the substrate
coordination with both metal ions and nucleophilic attack of
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the substrate, and producing NH," and carbamic acid
(NH,CO,H), which is spontaneously decomposed to form
one more molecule of NH," and CO,."*** The hydrolysis of
carbamic acid induces a pH increase which may have a
negative impact on the urease activity. An increase in pH
would also lower the efficiency of inorganic carbon detection
by our sensor design, and a buffering of the analyzed solution
at relatively low pH is thus essential.

Urease is a very stable enzyme that keeps its conformation
even by loss of the Ni** cofactor, but the activity is lowered.>
Thus, Ni** availability plays an important role in the urease-
catalyzed hydrolysis reaction. We utilized Jack bean urease
which has eight active centers, resulting in a demand of 16 Ni?*
per urease molecule (Toyobo enzymes). By supplying the
mixture with 1 mM Ni**, the sensor signal was almost doubled
as compared to no added Ni** (Figure 2C(1,2)). By adding 10
mM Ni**, the sensor response to urea concentration from 0 to
1000 1M achieved almost perfect linearity (Figure 2C(3), R* =
0.999, and Figure 2D) with approximately three times higher
sensitivity (2 pA/uM urea), as compared to no Ni** (Figure
2C(1)). The high effect of Ni** addition may be explained by
loss of Ni*" during enzyme purification, resulting in lowered
activity. Nickel addition thus apparently reactivated the
inactive urease, achieving a higher urease hydrolysis rate.
The highest activity was achieved when the enzyme was
exposed to the Ni*" solution before mixing with alginate.
Excessive Ni** exposure to the urease mixture was, however,
detrimental to sensor performance, as shown by the lowered
activity at 25 and SO as compared to 10 mM Ni** (Figure
2C(3-5)).

Mn** and Co?" have also been proven to activate urease but
at lower efficiency.”> The same concentration (10 mM) of
Mn** and Co®' ions was able to increase the sensor
performance (220 mg/mL urease in 5% alginate) by 20—
30% as compared to no cations added. However, the sensor
signals with Mn** and Co”* were considerably lower than those
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Figure 3. (A) Effect of the urease immobilization strategy on urea sensor response. The urea sensor tip sizes were 80 ym. (B) Effect of the urease
immobilization method on relative sensor response during 14 days (signal at day,/day, X 100%) by the addition of 25 yM urea. The numbers in
graphs A and B refer to the same immobilization mixtures: (1, circle) urease/alginate, (2, downward triangle) urease/alginate/BSA, (3, square)
urease/alginate/BSA/GLU, (4, diamond) urease/alginate/BSA/GLU/CHI, and (S, upward triangle) urease/alginate/ GLU/CHI. BSA: bovine
serum albumin, GLU: glutaraldehyde, and CHI: chitosan. All the sensors were freshly made before test.

Table 1. Urease Stabilization/Immobilization Strategies and Urease Mixture Materials

material final concentration entrapped entrapped—stabilized cross-linking 1 cross-linking 2 cross-linking 3

urease 220 mg/mL v v v v v

Ni** 10 mM v v

BSA 200 mg/mL v

chitosan 0.05% v

glutaraldehyde 0.5% v v

alginate 5% v v v
when using Ni** (Figure S2B(2—4)), and therefore, we enzyme, with some activity still being present after a few
activated the enzyme with Ni** in all subsequent experiments. weeks.”

Effect of Enzyme Stabilization and Immobilization on In this study, optimal immobilization of urease in the
Urea Sensor Performance. Jack bean urease/urea amidohy- enzyme chamber is very important for sensor performance and
drolase (a-urease, EC 3.5.1.5) is a hexameric protein (M,: stability. We have screened several polymers in addition to
480—545 kDa), consisting of six identical subunits, each with a alginate such as poly(ethylene glycol) dimethacrylate (PEGD-
molecular mass of 91 kDa.*® In the presence of urea or by the MA), chitosan, and poly(vinylalcohol)-N-methyl-4(4'-
addition of polyalcohols, hexameric urease dissociates to its formylstyryl)pyridinium methosulfate acetal (PVA-SBQ) for
active dimer form.”” Native urease (nonmodified enzyme) can urease immobilization. It was shown that the combination of
dissociate into the active, folded dimer or monomer in water alginate/ Ca** jons preserve urea activity to a higher degree
and eventually turn into inactive monomer aggregates. The than UV curing-based polymer combinations such as
addition of amphiphilic molecules such as sodium dodecyl PEGDMA/UV, PEGDMA/chitosan/UV, or PVA-SBQ/UV
sulfate or bovine serum albumin (BSA) stabilizes the active (Figure S4A).
monomer by bridging the hydrophobic residue in the The entrapment of urea in alginate/Ca®" may preserve the
proximity of the redox center to water, preventing the change urease activity, but it may not prevent enzyme leaching.
of conformation into an inactive monomer form.”’ Hexameric urease has a size of 10—13 nm, depending on its

The dissociation mechanism of native urease in the aqueous source,* but it dissociates to its dimer with a size of 2—4 nm.
medium gives us hints about how to design a stabilization and The cross-linked alginate pore size is between 1 and 10 nm
immobilization procedure. Immobilization of urease limits the depending on the alginate concentration,** making it possible
mobility of its subunits, and they thus cannot migrate freely for entrapped urease to leach from the sensor tip. Thus,
after dissociation. The immobilization may thus help to keep strategies for firmer urease immobilization such as carbodii-
the dimer conformation, whereas free urease monomers mide bonding and cross-linking with glutaraldehyde were
dispersed in water can change their conformation to nonactive investigated. Immobilization of urease in alginate through
aggregates.”® Various enzyme immobilization techniques have carbodiimide bonding (facilitated by EDC/NHS) was shown
been developed. Surface adsorption and polymer-based to diminish urease activity by more than 90% (Figure S4B), as
entrapment are simple and effective, but enzyme leaching might be expected from a previous report stating that this
may result in rapid loss of activity.”” Covalent attachment and process affects urease conformation and activity.”> Hence,
cross-linking can prevent leaching and be effective and durable, additional materials such as BSA (200 mg/mL) as a stabilizer
but there is a high risk of decreasing the enzyme activity by and chitosan (0.05%) as an amine-containing support polymer
disturbed enzyme conformation.” The addition of compounds were added to the urease/alginate mixture. The effects of
with suitable functional groups for covalent bonding has been different additives and enzyme immobilization methods
proposed to lower the detrimental effects on enzyme activity (entrapment or cross-linking) were evaluated through urease
by lowering the covalent bonding directly to the enzyme.””*’ activity using a colorimetric method (Berthelot) and urea
Support protein such as BSA or polymers such as chitosan and sensor performance.
alginate are used for cross-linking to enzymes by the use of BSA addition to the urease/alginate/Ca** mixture had no
glutaraldehyde,*"** and for urease, it was shown to result in a significant effect on urease activity and sensor sensitivity. When
retained activity of more than 50%"’ as compared to the free glutaraldehyde was added as a cross-linking agent to the
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the mixture of urease, Ni**, and BSA and subsequently polymerized

with Ca®* ions and glutaraldehyde. In the presence of urea, the hexameric

urease dissociates into its active monomers. Urease entrapment in alginate prevents the urease monomer from leaching.

Table 2. Comparison of Electrochemical Urea Biosensor Performance Parameters”

measured response LOD, relative
urease immobilization strategy sensor type analytes time, min UM stability” refs
immobilized urease on the Teflon membrane amperometric NH," S 500 90% in 46
7 days
urease cross-linked in the polyaniline—Nafion membrane  voltammetric NH,* S S N/A 20
with glutaraldehyde
urease entrapment in the nanostructure amperometric NH,* 0.03 500 80% in 18
7 days
urease entrapped in the polyion complex amperometric NH,* 0.03 S0 1 day 48
urease entrapped in PVA-HMDI carbon-based electrode carbamic 1-2 500 60% in 47
acid 7 days
urease/BSA cross-linked with glutaraldehyde on the Severinghaus, potentiometric =~ CO, 12—-30 15 65% in 26
gas-permeable membrane pH sensor 10 days
urease/BSA in alginate, cross-linked with glutaraldehyde amperometric CO, CO, 2 0.94  70% in our
and Ca** ions microsensor 14 days study

“The stability recorded was by continuous polarization for this study

and by shelf storage for the other studies. PResponse at day,/day, X 100%.

urease/BSA/alginate and urease/BSA/alginate/chitosan mix-
tures, the urease activity decreased approximately by 10% for
both cases, suggesting only minor harm to the urease (Figure
S4C), as also shown by urea sensor performance (Figure
3A(3)). BSA and chitosan may both serve the same function as
the amine group donor to make urease less affected during the
cross-linking process. However, BSA may also play a role as a
stabilizer because of its amphiphilic properties (or nonionic
surfactant-like properties),” which may protect the hydro-
phobic urease redox center better than the hydrophilic
chitosan. When chitosan was added without BSA (urease/
chitosan/alginate/glutaraldehyde, cross-linking 3 in Table 1),
the sensor sensitivity thus dropped by 60% as comparing the
mixture with BSA (urease/chitosan/BSA/ alginate/glutaralde-
hyde, cross-linking 2 in Table 1) (Figure 3A(S)).

The application of BSA and the cross-linking agent greatly
improved the urea sensor temporal stability. The urea sensor
with urease/BSA/alginate/glutaraldehyde (cross-linking 1 in
Table 1) thus retained approximately 70% of its initial activity
after 14 days (Figure 3B(3)). Sensors with entrapped urease/
alginate (entrapped in Table 1) and urease/alginate/BSA
(entrapped—stabilized in Table 1) lost more than 90 and 60%,
respectively, of their activity after 7 days, most probably
because of enzyme leaching (Figure 3B(1,2)). It was shown
that BSA plays an important role as the urease stabilizer as
sensors containing mixtures with and without BSA retained
approximately 70 and 10%, respectively, of their sensitivity
after 14 days of continuous use (Figure 3B(3,5)). A proposed
schematic representation of the urease mode of action in the
BSA/alginate mixture, cross-linked with glutaraldehyde and
supplied with Ni**, is shown in Figure 4. First, the hexameric
urease was supplied with its Ni** cofactors. Subsequently, BSA

was added to stabilize the urea and to act as an amine group
donor for the covalent cross-linking process with glutaralde-
hyde to the alginate polymer. The mixture was stabilized
further by the addition of Ca** ions. In the presence of urea,
the hexameric urease will dissociate to its active dimer form.
Immobilization using BSA and cross-linking to alginate protect
the active dimer from changing its conformation into inactive
monomers.

Because of extensive potential application in medical or
environmental monitoring and in the food industry,
researchers have used a wide variety of techniques to achieve
sensitive urea biosensors. The construction of urea biosensors
are generally based on urease immobilized on electrode
surfaces using many types of supgort such as cross-linking to
nonconclucting%’47 or conducting 048 polymers or entrapment
in nanostructures such as graphene.'® Typically, entrapped
urease is reported to have lost 90% if its activity after the first
use/day because of leaching. Urease immobilized by cross-
linking to nanostructures or polymers has been reported to
retain 60—80% of its activity after several days and up to a
week.” The decrease in urease activity could be due to
leaching or inactivation of the enzyme. In our study, we
showed that the addition of BSA as a stabilizing agent results in
our sensors retaining approximately 70% sensitivity after 2
weeks.

Many of the earlier sensors focused on the detection of
NH,* formed as a hydrolysis product of urea. The reported
sensor response times vary from 0.03 to S min (Table 2),
depending on the electrode surface modification methods.

Urea detection through CO, as its hydrolysis product can be
considered less attractive because of different speciations of
CO, at different pH values. Suzuki et al.*® constructed a urea
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biosensor based on urease in front of a Severinghaus-type CO,
sensor. This sensor had a quite low limit of detection (LOD),
however, bearing the disadvantages of Severinghaus sensors of
slow response and unstable calibration curves, especially at low
CO, concentrations.”® The Severinghaus-based urea sensor
required 12—30 min analysis time, depending on the urea
concentration.*®

The newly developed CO, microsensor has superior
characteristics as compared to the Severinghaus-type sensors.
Our CO, microsensor-based urea sensor using cross-linked
urease/BSA/alginate/glutaraldehyde/Ca’" in the front enzyme
chamber exhibits a linear response to urea concentration from
0 to 1000 uM with a calculated LOD of 0.94 uM (3% blank
SD/slope of calibration curve). It thus compares very
positively with the previously reported urea biosensors
(Table 2). Because of the electrochemistry being shielded by
two gas-permeable membranes from possibly fouling dissolved
organics, it can be used for continuous measurement without
significant drift in the signal over a 24 h period. This is in
strong contrast to detection with sensors without such
membranes where there is a lack of records for continuous
use over prolonged periods.

The need to remove inorganic carbon from the sample
before analysis is the major disadvantage of urea analysis by
this sensor. For use in continuous or semicontinuous
monitoring, a CO, removal unit, thus, has to be implemented.
As compared to NH," detection-based sensors, it is, however,
relatively easy to remove CO, because of a 500-fold lower
water solubility of CO, as compared to NHj.

Sensor Reliability for Real Sample Analysis (Blood
Plasma). The urea concentration in human blood plasma
samples may vary from 1 to 10 mM depending on donor
conditions. We are thus safely within the analytical range if the
blood plasma is diluted by a factor of 10 before analysis. A
spectrophotometric urea assay of the serum showed a
concentration of approximately 2.4 + 0.12 mM urea. The
simple preparation of the blood plasma sample for biosensor
analysis was as follows: the blood plasma was diluted 10 times
with 10 mM citrate buffer pH 6 to convert most of the, at any
moment, present carbonate species to CO, gas. Diluted plasma
was then degassed with Ar/N, for 10 or 20 min. After 10 min,
CO, was still detected at 8 uM concentration. Additional 10
min degassing removed the CO, to below the detection limit
(Figure SS). After all the CO, was removed, the sample was
analyzed using a calibrated urea sensor (0—1000 M urea, R* =
0.999, Figure S). The signal produced corresponded to a
concentration of 247 + 14 uM urea (sample n = 3, dilution
factor 10X), corresponding to 97—106% of the 2.4 mM found
by the spectroscopic assay on the undiluted sample.

B CONCLUSIONS

A novel CO, microsensor-based urea microsensor has been
developed. The urea biosensor has a linear range from 0 to
1000 M with a calculated LOD of 0.94 yM and 95% response
time of 120 s. The urea biosensor with urease in alginate, cross-
linked with glutaraldehyde and Ca**, and with BSA as a
stabilizer retained about 70% from its initial activity after 14
days. The urea biosensor was able to measure urea in blood
plasma with a simple CO, removal pretreatment step. It would
be preferable to have a sample pretreatment step to remove
CO, integrated into the sensor, and this will be the focus of an
upcoming study.
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Figure S. Urea biosensor signal after the addition of the blood plasma
sample (diluted in buffer and CO,-free). The gray symbols show the
signal from a CO, microsensor that was inserted into the sample to
verify the absence of CO, . The urea detection was completed after
100 s. Inset: urea sensor calibration, tip size 80 ym. Black arrows in
the inserted graph: the signal from 10X diluted blood plasma
indicating a urea concentration of 244 uM.

B EXPERIMENTAL SECTION

Materials. Urease or urea amidohydrolase (EC 3.5.1.5)
from Jack bean (C. ensiformis) with an activity of 100 U/mg
solid was supplied from Toyobo Enzymes (Japan). This urease
has an mw of 480 kDa with eight active sites and a pH stability
between 5.5 and 8.5 with optimum pH at 6.* Alginic acid, low
molecular weight chitosan (M,,: 50—190 kDa), BSA (66 kDa),
glutaraldehyde, sodium citrate, CaCl,, NiSO,, MnSO,, CoCl,,
FeCl;-6H,0, H,SO,, diacetylmonoxime, thiosemicarbazide,
PEGDMA, PVA-SBQ, N-(3-dimethylaminopropyl)-N’ ethyl-
carbodiimide hydrochloride (EDC), N-hydroxysuccinimide
(NHS), 1-ethyl-3-methylimidazolium dicyanamide (DCA)
(>98.0%), CrCl, (99.99%, beads), dimethylformamide
(DMF), perfluoro methylcyclohexane, and Teflon AF 1600
were supplied from Sigma-Aldrich. Dow Corning (USA)
supplied a Dow Corning 734 sealant.

Electrochemical Instrumentation. The current from the
sensors was measured with a four-channel Unisense multi-
meter connected to a portable PC equipped with the program
Sensor Trace Basic (Unisense A/S, Denmark). The multimeter
can supply a polarization voltage from +2 to —2 V, and the
polarization voltage could thus be adjusted to optimize sensor
performance.

Colorimetric Instrumentation. The urea content and
urease activity were both determined by colorimetric assays
using the microplate reader Fluostar Omega with Omega data
analysis software (BMG Labtech, Ortenberg, Germany).

CO, Microsensor. The idea was to create a urea biosensor
by measuring the CO, formed by urease hydrolysis of urea. An
amperometric CO, microsensor”’ was used as a transducer in
the biosensor. The CO, microsensor contains a CO,-reducing
Ag cathode bathed in an ionic liquid (DCA) mixed with an
aprotic solvent (DMF), a Ag guard cathode behind the sensing
cathode to prevent interference from reducible contaminants
in the ionic liquid, and a Ag pseudo-reference electrode. All the
features are compartmentalized in glass casings, of which the
front casing containing 1 M CrCl, in 0.1 M HCI served to
remove otherwise interfering O,. The general construction
procedures have been described earlier”*° and will not be
repeated here. The use of the aprotic solvent is dependent on
application of a solvent-resistant membrane. The membrane in
the inner Clark-type CO, sensor was made before assembly by
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briefly (0.5 s) dipping the tip region into 1% Teflon AF 1600
(0.01 g of Teflon AF 1600 in 1 mL of perfluoromethylcyclo-
hexane), and waiting until the solvent evaporated (5—10 s),
forming a nice membrane layer in the tip of the sensor with a
thickness of 4—7 um. After casting the Teflon AF membrane,
the sensor tip was covered using a Dow Corning 734 silicone
sealant so that a hybrid Teflon/silicone membrane was formed.
The addition of the silicone layer ensured a good adherence of
the membrane to the glass. The outer tip membrane was
formed by insertion into uncured Dow Corning 734. The CO,
microsensors used in this study had tip diameters of about S0
pum. The measuring and guard cathodes were polarized at —1.0
V against the internal Ag pseudo-reference electrode. It is
actually now recommended to use a polarization of —1.1 V as
this results in even better calibration curves for CO,.”’

CO, Calibration. The CO, calibrations were conducted by
injection of small volumes of CO,-saturated water (38 mM)
into acidified (0.01 M HCI) demineralized water. The
acidification ensured that all inorganic carbon was present as
CO,. Calibration points were read after sufficient times (1—2
min) to allow near complete sensor response. If not otherwise
stated, the experiments were conducted at a room temperature
of 20—22 °C.

Urease Immobilization and Integration with a CO,
Microsensor to Form a Urea Biosensor. The CO,
microsensor equipped with CrCl, trap was carefully inserted
into a tapered glass chamber (enzyme chamber) with the 500
pum tip region containing the entrapped or cross-linked
enzyme/alginate mixture, as will be described in detail later
(Figure 1). The distance between the CO, sensor and enzyme
chamber tips was about 200 yM, forming a biosensor with a
200 pm-long reaction chamber for urea hydrolysis by urease.
Subsequently, the cross-linking of alginate was induced by
inserting the biosensor tip into 100 mM CaCl, for at least S
min. When glutaraldehyde was used as a cross-linker, the
process was initiated by mixing the glutaraldehyde (0.5% final
concentration) into the urease/ alginate mixture. Immediately
after mixing, the mixture was inserted into the urea sensor glass
casing. To minimize enzyme leaching, the alginate-cross-
linking process described above using CaCl, was also
conducted. The CO, microsensor could now be inserted
into the enzyme chamber and fastened in place with dental wax
(Science Services GmbH, Germany), using an electrically
heated NiChrome loop for local melting of the wax. It is
important that there is a minimal gap between the CO, sensor
tip and urease glass casing, as a poor fit will lead to slow 95%
response. To maintain the alginate cross-linking and enzyme
activity, the lumen behind the 500 ym-long alginate layer was
filled with a solution containing 100 mM CaCl, and 10 mM
NiSO,. When the enzyme chamber needed to be replaced, the
dental wax was melted to remove the old chamber, and a new
chamber could be added (Figure 1). When the sensor was not
in use, the sensor was stored and polarized at —1.0 V (vs Ag
pseudo-reference) in degassed water containing 10 mM CaCl,
and 1 mM NiSO,.

Urea Calibration. Urea calibrations were conducted by
injection of small volumes of 100 mM urea stock solution into
degassed 10 mM citrate buffer solution at pH 6. The removal
of CO, inside the biosensor by the CO, microsensor promotes
conversion of bicarbonate to CO, in the strongly pH 6-
buffered microenvironment. Calibration points were read after
sufficient time (2—3 min) to allow near complete sensor

response. If not otherwise stated, the experiments were
conducted at a room temperature of 21 + 1 °C.

Urea Concentration Determination in the Sample
Using the Colorimetric Method. A blood plasma sample
was obtained from a blood bank (Blodbanken, Aarhus
University Hospital, Denmark). The blood plasma was taken
from a pool of healthy patients. The urea concentration in the
blood plasma was determined by a colorimetric urea assay.”
Briefly, the urea assay uses urea solutions of 0, 10, 20, 30, 40,
and 50 uM as the standard. The plasma sample was diluted
with 10 mM citrate buffer pH 6 by a factor of 10—200 to find
an optimum dilution factor. A 96 uL reagent 1 (55 M FeCl,-
6H,0 in 6.6 M H,SO, solution) was added to 420 uL sample/
standard, followed by the addition of 30 uL of reagent 2 (323
mM diacetylmonoxime and 49 mM thiosemicarbazide in
water). The mixture was incubated at 90 °C for 30 min and
turned pink. The mixture was then transferred to a 96-well
plate (Sarstedt AG&Co. KG, Germany), and the absorbance
was measured at 520 nm using a microplate reader. The
amount of urea in the plasma sample was calculated using a
calibration plot from the standards (R* = 0.999).

Sample Treatment before Urea Measurement by the
Urea Sensor. Blood plasma was diluted 10 times with 10 mM
citrate buffer pH 6 to push the equilibrium between the
inorganic C species toward CO,. The diluted sample was then
degassed with N, for 10—20 min, and the absence of CO, was
verified with a CO, sensor. The CO, gas must be completely
removed as it constitutes the only interference for our CO,
microsensor-based urea determinations. After the CO, had
been completely eliminated, the urea concentration could be
measured using a calibrated urea sensor. The measurements of
CO, and urea were performed in a chamber with flowing Ar/
N, gas to prevent the diffusion of atmospheric CO, into the
sample..
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