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Abstract: A transmission electron microscopy (TEM) grid filled with 4-cyano-4’-pentylbiphenyl
(5CB) on an octadecyltrichloro silane-coated glass substrate in agueous media was developed to
construct a urea biosensor by coating poly(acrylicacid-b-4-cyanobiphenyl-4-oxyundecylacrylate)
(PAA-b-LCP) at the aqueous/5CB interface and immobilizing urease covalently to the PAA
chains. Urea was detected from the planar to homeotropic (P-H) orientational transition of 5CB
by polarized optical microscopy under crossed polarizers. This TEM grid sensor with the
maximum immobilization density of urease, 0.17 molecules/nm?, enabled the detection of urea at
concentrations as low as 5 mM through a P-H change with the half time of a full P-H change of
250 seconds. This TEM grid sensor could detect urea in the blood without any inference from
hemoglobin and ascorbic acid. This new and sensitive urea biosensor is relatively inexpensive,
allows easy naked eye detection, and might be useful for screening the urea level in the human

body.
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Introduction: The decomposition of the nucleic acids and proteins produces urea as a
nitrogenous waste in the liver. Humans have a normal urea level of 0.25-0.6 mM in blood and
155-390 mM in urine.* An increase in the body urea level causes several complications, such as
renal failure, acute or chronic urinary tract obstruction with shock, burns, dehydration, and
gastro-intestinal bleeding. On the other hand, a decrease in the blood urea concentration also
leads to hepatic failure, nephritic syndrome and cachexia.” Measurements of the blood urea are
the best way of evaluating the body functions and identifying the related diseases. Therefore,
detection of the body urea level has considerable significance in clinical chemistry and

biomedical analysis.

The use of the enzymatic hydrolysis of urea by urease in the development of a urea
biosensor has attracted considerable attention from biochemical and clinical analysis. The urease
hydrolysis of urea generates ionic products, such as NH,", HCOs™ and OH", as shown in scheme
1. Many urea biosensors can measure the concentrations of the ions produced during the
enzymatic reaction on urease-immobilized membranes, polymers, sol-gels, conducting polymers,
Langmuir Blodgett films, nanomaterials, self-assembled monolayers, and metal nanoparticles
and nanocluster-based composites. The ions produced are monitored using several kinds of
transducers, such as spectrometry, potentiometer with the application of a pH-sensitive electrode,
an ammonium ion selective field effect transistor, conductometry, coulometry, and
amperometry.™ *'> Among these transducers, potentiometric and amperometric methods are used
frequently. On the other hand, a potentiometric transducer suffers from the sluggish response to
the solution with low analyte concentrations and vulnerability to the interference of other ions in
the sample solution. An amperometric transducer normally uses glutamate dehydrogenase in
addition to urease and shows a high level of interference caused by the oxidation or reduction of

3
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commonly encountered compounds in clinical samples, such as acetaminophen and ascorbic acid,
at the working potential, even though it has better sensitivity and a lower detection limit
compared to those obtained using potentiometric methods.

The urease hydrolysis of urea produces OH™ ions, which increases the local pH.
Therefore, monitoring the pH can be used in urea analysis. pH-sensitive glass electrodes are
available for monitoring the pH in aqueous solutions but they are unsuitable for measuring the
pH in solutions with small volumes. The aim of this study was to exploit the optical properties of
liquid crystals (LCs) and design a label-free urea sensor with good spatial resolution for
monitoring the changes in the localized pH, resulting from the urease activities. LCs have a low
surface anchoring energy (10 to 10°° J/m?) at the LC/aqueous interface making them sensitive to
environmental changes through an ordering transition, which can be propagated within the LC
mesogens to a distance of ~ 100 um (10° of molecular length).® The utility of the LCs to
transduce and amplify the molecular events at the LC/aqueous interface in response to the

2124 and endotoxin® have

presence of proteins,*” *® lipids,'® surfactants,® synthetic polymers
been reported. Moreover, when these surfactants or polymers contain pH-sensitive functional
groups, the orientation of the LCs becomes sensitive to the pH in the aqueous phase. For
example the aqueous/LC interface in transmission electron microscopy (TEM) grids was
functionalized by poly(ethylene imine) conjugated to N-[3-(dimethyl amino)-propyl]acrylamide)
to obtain a pH-responsive LC sensor. The pH-dependent change in the orientation of the LCs
causing its optical appearance was attributed to changes in the chain conformation at the
LC/water interface.”® Bi et al. developed a TEM-grid pH sensor by doping with 4-

pentylbiphenyl-4-carboxylic acid (PBA) to visualize the local pH changes from the enzymatic

hydrolysis of penicillin G by surface-immobilized penicillinase.”” A recent report showed that a
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TEM grid cell functionalized with a pH-responsive amphiphilic poly(acrylicacid-b-4-
cyanobiphenyl-4-oxyundecylacrylate) (PAA-b-LCP) on 5CB exhibited a rapid and reversible
homeotropic to planar (H-P) change in 5CB in response to the shrinkage and swelling of PAA

chains caused by changes in the pH of the solution.?*

In this study, a urea sensor was designed by immobilizing urease on the PAA chains in a
TEM grid cell coated with PAA-b-LCP at the 5CB/aqueous interface. In response to the pH
change brought by the urease-induced -hydrolysis reaction of urea, the P-H transition of 5CB
occurred through a change in the PAA chain conformation. This LC-based TEM grid urea sensor
was tested for the simple detection of small amounts of OH™ ions produced from a urease
reaction with urea through the naked eye using a polarized optical microscope with crossed

polarizers.

Experimental:

Materials: Copper TEM specimen grids (G75 with a grid square width of 285 um, pitch of 340
pm, bar width of 55 um, size of 3.05 mm, and thickness of 18 um) were purchased from Ted
Pella, Inc. and cleaned by washing sequentially with acetic acid, acetone and ethanol. The
microscope glass slides (Duran group, Germany) and urease type 11l (E.C. 3.5.1.5) from the jack
bean with molecular weight of 4.8x10° g/mole were obtained from Sigma-Aldrich. Urea (Sigma-
Aldrich), N-(3-dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride (EDC.HCI, Sigma
Aldrich), N-hydroxysulfosuccinimide sodium salt (NHS, Sigma Aldrich), ascorbic acid (Sigma),
uric acid (sigma), trifluoroacetic acid (TFA, Aldrich, 99%), 4-cyano-4-pentylbiphenyl (5CB)
(TCI, 100%), octadecyl trichloro silane (OTS), N-N,dimethylformamide (DMF) (Sigma-Aldrich),

methanol (Aldrich) and dichloromethane (DCM, Aldrich) were used as received. The PAA-b-
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LCP was synthesized using the same method reported in a previous study.? The molecular
weight was PAA (11K)-b-LCP (5K) with a PDI of 1.14. Figure supplementary information (SI) 1
presents its NMR spectrum with the assignments of the protons.

Monolayer formation of PAA-b-LCP: Monolayer experiments were performed using a
Langmuir—Blodgett (LB) KSV Layer builder (KSV Instruments Ltd.,, AAA100178, Finland)
connected to a KSV minimicro trough, which was surrounded by an environmental chamber.
The working area of the trough was 17 x 5 cm® All experiments were carried out at room
temperature. The surface pressure of the monolayer at the air/liquid interface was measured
using a Wilhelmy plate attached to a microbalance. PAA-b-LCP was dissolved in dioxane and
kept at 60°C for two days. Subsequently, toluene was added to the dioxane solution to obtain a
final concentration of 1 mg/ml with a dioxane to toluene ratio of 6/4 (v/v). When a zero surface
pressure was reached, 100 uL of the PAA-b-LCP solution was spread immediately on the water
to form a monolayer. One hour after monolayer formation, the monolayer was then compressed,
expanded and compressed at a rate of 3 mm/min to achieve equilibrium. The aerial density of the
monolayer was controlled by the surface pressure on the spread LB film at 35mN/m (see Figure

Sl 2).

Sensor cell preparation: A TEM grid flow cell was fabricated using the method reported in the
literature.'® #* Briefly, glass microscope slides were cleaned using a piranha solution (Caution:
piranha solution is extremely corrosive and must be handled carefully), washed subsequently
with distilled water, dried under nitrogen and coated with OTS. A copper TEM grid was placed
on the surface of 12 x 8 mm? OTS-coated glass substrates that were glued to another common
slide glass substrate with epoxy. A 1 uL drop of 5CB was placed on a TEM grid using a 5pL
syringe. The excess 5CB was removed using a capillary tube to obtain a uniform thin film. To

6



©CoO~NOUTA,WNPE

Analytical Methods

transfer the PAA-b-LCP monolayer to the surface of 5CB in the TEM grid, the TEM grid filled
with 5CB was inserted slowly into the PAA-b-LCP-spread trough with the TEM grid side
downward coming to rest on a silicon spacer (2 mm thick) attached to another slide glass in a LB
bath. Two slide glasses spaced with silicon rubber were then clipped with binder-clips. The inlet
and outlet ports for exchanging the solutions were made with needles that were punched through
silicon rubber. The internal volume of the flow cell was 0.4 mL. The flow cell was then flipped
over and used for further analysis. Figure SI 3 presents a schematic diagram and photograph of

the flow cell containing a TEM grid cell.

Immobilization of urease to PAA: Urease was immobilized on the PAA chains on a TEM grid
using a slight modification of the method reported elsewhere.?® Briefly, the PAA chains were
activated with 0.4 M EDC.HCI and 0.1 M NHS for one hour. Subsequently, 6 mL of a urease
solution was then passed through the flow cell and kept for 12 hours at room temperature, as

summarized in Scheme 2.

The test concentrations of the urease solution (Cyrease) in the flow cell were 2, 4, 6, 11, 21,
42 and 63 pM. The concentrations of immobilized urease were determined using a UV-visible
spectrophotometer (Shimadzu 2401, Japan) with the reference sample of deionized water. The
calibration curve for urease (Figure SI 4) was obtained in the range, 0 to 20 uM, at a maximum
absorbance wavelength (Amax) of 276 nm. The amounts of immobilized urease (Cimp) Were
calculated from the difference in the urease solution concentration before and after

immobilization.

Labeling of Urease: Urease was dissolved in PBS buffer (pH 7) in a reaction vial to obtain a 20

MM solution into which the chemical coupling agents, EDC.HCI (0.4 M) and NHS (0.1 M) were
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added and kept for one hour at 4 °C to activate the carboxylic group in urease. Subsequently,
1mg of Rhodamin 123 was added and stirred for 12 hours at room temperature. Figure SI 5
shows the UV-vis spectrum of urease labeled with Rhodamin 123 (urease_iogamin) With those of
urease and Rhodamin 123. The successful labeling of urease was indicated by the same strong
absorbance at 500 nm of the urease.rogamin SOlUtiON with that of the pure Rhodamin 123 solution
and the blue shift of the urease peak from 276 to 263 nm by amide bond formation®® between
Rhodamin 123 and urease (marked with arrows). Urease_mogamin Was then immobilized on PAA
using the same immobilization procedure with urease. After immobilization, the TEM grid cell
was washed by injecting distilled water into the flow cell to remove the un-reacted urease.rhogamin-
The urease.hogamin iImmobilized on the TEM grid cell was confirmed by fluorescent microscopy

(Nikon Eclipse, EGOOPOL, Japan).

Measurements: Images and videos of the TEM grid cells during (and after) urea injection were
observed by polarized optical microscopy (POM, Leitz, ANA-006, Germany) with crossed
polarizers using a CCD camera (Samwon, STC-TC83USB, Korea). 'H nuclear magnetic
resonance (NMR, Bruker 400 MHz, Germany) analysis of the PAA-b-LCP was carried out at
400 MHz. The grey scale intensities of the frames were measured using Adobe Photoshop CS5
software. The measurements were taken in triplicate and their standard deviations (sds) were

calculated.

Results and Discussion: The amount of immobilized urease was measured from the optical
densities obtained by UV-vis spectroscopy. The immobilization density molecules/nm? of the

urease (Nyrease) Was calculated using equation 1,

N — CimpxNa (1)
urease —
AXMyrease



©CoO~NOUTA,WNPE

Analytical Methods

where Cimp, Na, A and Myrease are the amounts of immobilized urease in grams, Avogadro’s
number (6.02x10%), area of the TEM grid in nm? (7.31x10* nm?), and molecular weight of
urease (4.9x10° g/mole), respectively. Figure 1 shows Nyesse @5 @ function of the urease
concentration (Cyrease). Nurease increased with increasing Cyrease Until Cyrease = 20 UM, and then
became saturated at 0.17 molecules/nm?. Therefore, the urease-immobilized TEM grid
(TEMyrease) cells prepared with a 20 UM urease solution were used for further experiments. The
immobilization densities of the selected proteins to the PAA brushes were correlated with their
molecular masses and sizes. The immobilization densities of horseradish peroxidase (HRP,
4.4x10* g/mol), bovine serum albumin (BSA, 6.64x10* g/mol) and bovine plasma fibronectin
(BPF, 4.99x10° g/mol) were 3, 0.6 and 0.1 molecules/nm? respectively.?® Binding density of
proteins on the PAA brush decreased with increasing their molecular weight. The molecular
weight of urease (4.40x10° g/mol) was between those of BPF and BSA, and the immobilization
density (0.17 molecules/nm?) of urease was also between them despite some discrepancy due to
the different experimental set-up, suggesting that the data is in good agreement with the reported

values.

To confirm the immobilization, urease.rnodamin Was immobilized on the PAA chains, and
observed by fluorescence microscopy. A fluorescent image of the TEM grid cell with the
immobilized urease_iodamin (Figure 2a) on the PAA chains showed a green color in the region of
the TEM grid, whereas that without the PAA-b-LCP coating (Figure 2b) showed a black image

suggesting the successful covalent immobilization of urease on the TEM grid cell.

Urea detection: Figure 3a shows a POM image of TEMyrese in Water at pH=7 under crossed
polarizers. A bright image was observed indicating that the TEM ease in Water at pH=7 has a

planar orientation. The aqueous medium in the cell was then replaced with a 20 mM urea

9
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solution. The initial planar orientation in the aqueous solution changed to a homeotropic
orientation (Figure 3b) in a urea solution. To confirm that the planar to homeotropic (P-H)
change was attributed to the enzymatic reaction of urease, a 20 mM urea solution was injected
into the flow cell without immobilizing urease under otherwise similar conditions. A P-H change
was not observed (Figure 3d), suggesting that this P-H change was attributed to the hydrolysis of
urea by urease. This P-H change might be due to the OH™ ions released by the enzymatic
hydrolysis of urea, which increased the pH in the cell and caused the deprotonation and swelling
of the PAA chains. The pH-dependent swelling of PAA at the interface could alter the
orientational change in the strongly-anchored 5CB in the TEM grid cell. Lee et al. coated 5CB
with PAA-b-LCP at the water/LC interface in the TEM grid, and found that the swelling of the
PAA chain at high pH caused the homeotropic orientation of the 5CB.** Kinsinger et al.
assembled an amphiphilic block copolymer poly(ethylene imine)-b-N-[3-(dimethylamino)-
propyl]acrylamide) at the aqueous/LC interface.® They reported a reversible change in the
optical appearance of 5CB upon the alternate exposure to pH 5 and 9 solutions, which they
attributed to a conformational change in the hydrophilic chains (shrinkage or swelling) with pH.
To determine if a pH change can alter the orientation of 5CB, a basic medium was introduced
intentionally by replacing water with a PBS buffer solution (pH=10). Figure 3c shows a POM
image of the TEMyrase With a PBS buffer at pH=10. A similar P-H change was observed,
confirming that the P-H change by the addition of urea to the TEMease grid cell was due to an
increase in the pH by an enzymatic reaction. Bi et al. used PBA-doped 5CB confined to a
penicillinase-immobilized TEM grid to fabricate a pH-sensitive sensor and observed a P-H
change by increasing the pH from 6.9 to 7.*" Kim et al. used PAA-b-LCP-coated microdroplets

onto which glucose oxidase was immobilized covalently.*® They detected glucose by the radial

10
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(homeotropic) to bipolar (planar) change caused by shrinkage of the PAA chains due to the H*

released from the enzymatic oxidation of glucose.

Sensitivity: Figure 4 shows POM images of the TEM grid cells in urea solutions at different
concentrations (Cos). The initial planar orientation did not change at Co < 2 mM (Figure 4a). At
Co = 3 mM, slight darkness was observed in the TEM grid cell, as shown in Figure 4b.
Increasing the Cy to 5 mM resulted in a complete P-H change (Figure 4c). The homeotropic
orientation became more evident as Co was increased (Figures 4e-f). Under these experimental
conditions, the TEM grid urea sensor detected urea at concentrations >5 mM. Cho et al.
fabricated an electrode by cross-linking urease to a polyaniline-Nafion composite and reported a
detection limit of 0.03 mM.* Bozgeyik et al. reported a detection limit of 0.1 mM from an
amperometric biosensor consisting a urease-immobilized poly(N-glycidylpyrrole-co-pyrrole)
thin film.> Wu et al. immobilized urease on a pH-sensitive carboxylic-poly(vinylchloride) (PVC-
COOH) membrane and found a lower detection limit of 0.028 mM.*? The detection limit of 5
mM in this study appears to be higher than the reported ones. On the other hand, the normal urea
level in human blood ranged from 2.5 to 6.0 mM and the level from a uraemia patient is > 7
mM?3 so that the detection limit of the TEMuease grid cell is not problematic for checking the
chronic level of blood urea. Therefore, the TEMyrease grid cell might be useful for pre-scanning
the chronic level of urea in blood by the naked eye through a polarized optical microscope under

crossed polarizers.

Blood sample analysis: Real blood sample was tested to detect urea. A blood sample was
collected from a healthy donor and stored in a vial (Note: To avoid microbial activity, the vials

were first treated with UV for 15 minutes and the blood was used within one hour after

11
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collection). Figure 5a shows the response of the TEMrease grid cell to the blood sample. No P-H
change was observed because the detection limit of the TEMrease grid cell (5 mM) was above the
normal blood urea level (0.25-0.6 mM). To increase the urea level in the blood, urea was added
to the normal blood. A P-H change was observed when urea was mixed with the blood to reach a
urea blood level of approximately 5 mM, as shown in Figure 5b, suggesting that the blood from a

patient with a urea level in the blood of >5 mM can be monitored using the TEMyrease grid cell.

Blood contains hemoglobin and ascorbic acid (AA). AA is a common electro-active
species that normally causes interference in electrochemical urea sensors and might also affect
the P-H change. To confirm the effect of hemoglobin and AA on the P-H change, a mixture
solution of the hemoglobin (40 mM), ascorbic acid (0.2 mM) and urea (5 and 3 mM) was tested.
These particular concentrations of hemoglobin and AA were tested because they are the
maximum possible concentrations in the blood.** 3 The initial planar orientation changed to a
homeotropic orientation by injecting a mixture solution with 5 mM, as shown in Figure 5c,
which is similar to the response of the pure urea solution while injecting the mixture with 3 mM
urea concentration did not chang to homeotropic orientation (Figure 5d). This suggests that these
interference species have no significant impact on urea detection. Although the effects of many
other components in the blood on the P-H change need to be studied, the present data suggests
that the TEMyrease grid cell might be useful for pre-screening the chronic levels of urea from the

blood.

Stability and reproducibility: An important parameter of the enzyme-based sensor is the long-
term stability. Urease is a stable enzyme that can be stored at 25 °C for a long time (even one

month at temperatures up to 60 °C).>* Figure 6 shows the mean gray-scale intensity of the

12
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TEMyrease grid cell in an aqueous solution at pH 7 as a function of the period of time. Three
different TEMyrease grid cells were tested and their gray scale intensities were averaged. No
significant change was observed in the grayscale intensity over 10 days. After 10 days, the
TEMurease grid cells were tested for urea detection (data not shown), and it was found that it could
detect urea in the same way as a freshly prepared TEMyrease grid cell. This highlights the stability
of the TEMyrease grid cell. Therefore, the high stability of the TEMyrease grid cell could be
achieved by the covalent immobilization of urease, and no urease denaturation occurred in the

TEMyrease grid cell.

Kinetics: To determine the speed of the urea detection with the TEMyrease grid cell, the dynamic
response of the LCs were compared at different Cos. Figures 7i to vi show POM images of the
TEMuyrease grid sensor with time (tpass) after injecting a 8 mM urease solution. The planar
orientation of the LCs region deteriorated slowly from the periphery to the center with tp.ss. After
thass ~5 Minutes, the entire square area became homeotropic. Figure 7b shows the grey-scale
intensity as a function of time at different Cos of 3, 5, 8, 20 and 80 mM. The planar orientation
has a high grey scale due to the bright color of the planar orientation. The grey-scale intensity
decreased with time due to the P-H change and the speed of the P-H transition increased with
increasing Co. The grey-scale intensity decreased slightly at Co=3 mM and did not reach the
saturation level. The times for reaching half of the saturated level (t,ar) were 250, 160, 63 and 24
seconds at Cop = 5, 8, 20 and 80 mM, respectively. The decrease in tnas With increasing Co
suggests that the immobilized urease of the TEMyease grid cell hydrolyzed urea effectively.
These results also highlight the rapid response and large dynamic range of the TEMrease grid

|.35

sensor compared to other early reported sensors. For example, Zhong et al.**, Vostiar et al.* and

Bozgeyik et al.® reported 1.0-8.0 mM, 0.02-0.8 mM, 0.1-0.7 mM respectively, using a urea-

13
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enzyme field effect transistor made by covering one of the grids of the ions field effect transistor,
electro-polymerized toludene blue film on a glassy carbon electrode, and a urease-immobilized
poly(N-glycidylpyrrole-co-pyrrole) thin film, respectively. Therefore, the TEMrease grid sensor

performs well at high concentrations in a short response time.

Conclusion: A TEM grid filled with 5CB on an OTS-coated glass was used to develop a pH-
sensitive urea biosensor by coating with PAA-b-LCP at the LC/water interface and immobilizing
urease on the PAA chains through covalent bonding. This TEMrease grid sensor could detect urea
as low as 5 mM in a sample and showed a large dynamic range, short response time and
excellent stability with easy detection by the naked eye through a polarized optical microscope
under crossed polarizers. This could be applicable to detection of urea in the blood without
interference from hemoglobin and AA. These performances suggest a different way of using the

unique high sensitivity of liquid crystals to external stimuli as biosensors.

Supporting Information: *H NMR spectrum of PAA-b-LCP, LB isotherm curve of the PAA-b-
LCP monolayer on water, Schematic diagram and photograph of the sensor cell containing a
TEM grid cell, Calibration curve of the urease solutions at A = 276 nm, UV-VIS spectra of
urease, Rhodamin and urease. hodamin-
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16 Figure 2. Fluorescent images of the TEM grid cells (a) with and (b) without the immobilization
17 of urease.hogamin ON the PAA chains; the TEM grid cells with and without immobilization were
18 prepared by inserting a 20 UM urease. nogamine SOlUtion into the PAA-b-LCP coated and uncoated
TEM grid cells, respectively.
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Figure 3. POM images of the TEMyrease grid cells under crossed polarizers in (a) water, (b) 20
mM urea solution, and (c) PBS buffer at pH 10; (d) that of the TEM grid without immobilization
of urease in a 20 mM urea solution.
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22 Figure 4. POM images of the TEM grid cells under crossed polarizers with different urea
23 concentrations (Cos) of (a) 2, (b) 3, (c) 5, (d) 8, (e) 20, and (f) 80 mM.
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Figure 5. POM images of the TEM grid cells under crossed polarizers after injecting (a) normal
pure blood, (b) blood mixed with 5 mM of urea, and (c, d) mixture solutions of hemoglobin (40
mM), ascorbic acid (0.2 mM) and urea ((c) 5 and (d) 3 mM).
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Figure 7. (a) POM images of the TEMyease grid cells under crossed polarizers with the passage
of time (tpass) Of (i) 5, (ii) 25, (iii) 50, (iv) 100, (v) 200, and (vi) 450 seconds after injecting a 8
mM urea solution, (b) average gray scale intensity as a function of time at different Cgs of (i) 3,

(ii) 5, (iii) 8, (iv) 20, and (v) 80 mM.
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Scheme 1. Urease-hydrolysis of urea.
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Scheme 2. Chemical immobilization of the urease to PAA chains.
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