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4-Cyano-4’-pentylbiphenyl (5CB) in a transmission electron microscopy (TEM) grid was developed for
glucose detection by coating with a monolayer of mixed polymer brushes using poly(acrylicacid-b-4-
cynobiphenyl-4’-oxyundecylacrylate) (PAA-b-LCP) and quaternized poly(4-vinylpyridine-b-4-cynobi-
phenyl-4’-oxyundecylacrylate) (QP4VP-b-LCP) (LCP stands for liquid crystal polymer) at the 5CB/aqueous

Keywords: interface. The resultant 5CB in TEM grid was functionalized with the PAA and QP4VP brushes, which
Biosensor were strongly anchored by the LCP block. The PAA brush rendered the 5CB/aqueous interface pH-re-
Mixed brushes sponsive and the QP4VP brush immobilized glucose oxidase (GOx) through electrostatic interactions
Glucose without the aid of coupling agents. The glucose was detected through a homeotropic-to-planar or-
glgg‘ld'cwsml ientational transition of the 5CB observed through a polarized optical microscope (POM) under crossed
TEM polarizers. The optimum immobilization with a 0.78 uM GOx solution on the dual-brush-coated TEM grid

enabled glucose detection at concentrations higher than 0.5 mM with response times shorter than 180 s.
This TEM grid glucose sensor provided a linear response of birefringence of the 5CB to glucose con-
centrations ranging from 0.5 to 11 mM with a Michaelis-Menten constant (K;;,) of 1.67 mM. This new and
sensitive glucose biosensor has the advantages of low production cost, simple enzyme immobilization,
high enzyme sensitivity and stability, and easy detection with POM, and may be useful for prescreening
the glucose level in the human body.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Enzyme immobilization is a key factor in developing efficient
biosensors with appropriate properties such as good operational
and storage stability, high sensitivity, high selectivity, short re-
sponse time, and high reproducibility. Immobilized enzymes must
maintain their structure and function to retain biological activity,
remain tightly bound, and not be desorbed during biosensing.
Moreover, an ideal biosensor has to be stable for long-term ap-
plication. The immobilization method affects the activity and
stability of enzymatic biosensors. Factors such as accuracy of
measurements, sensor-to-sensor reproducibility, and operational
lifetimes are significantly influenced by enzyme stability. Intensive
efforts have been made to develop successful immobilization
strategies such as entrapment, physical adsorption, cross-linking,
affinity, and covalent bonding to obtain high performance bio-
sensors. Each immobilization method presents merits and de-
merits (Sassolas et al., 2012). Whether the biosensor application
requires maximum sensitivity or stability determines which
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enzyme immobilization method is best. Reproducibility, cost, and
difficulty also require consideration. Among the immobilization
methods, covalent coupling is popular, and is carried out through
the initial activation of support using coupling agents. However,
the use of toxic coupling agents requires specific activating groups
on the support surface, activation of the surface groups, replace-
ment of the activating groups with enzymes, alteration of enzyme
3D structures, and chemical modification of enzymes, which make
this method difficult (Liu et al.,, 2012; Rad et al., 2011; Rahman
et al.,, 2010; Sassolas et al., 2012; Tischer and Wedekind, 1999; Zhu
et al, 2012).

Depending on the pH of the enzyme solution, which controls the
charge by an isoelectric point, and the surface charges of the substrate,
the anionic or cationic surface can act as a support for immobilization
of enzymes via electrostatic interactions (Mateo et al., 2007). Pre-
viously, both anionic and cationic metal ion exchangers were used for
the immobilization of enzymes that retained the enzymatic activity
and stability under optimal as well as non-optimal conditions (Na-
halka et al., 2003). However, in these cases, the enzymes needed to
contain imidazole residues or histidine tags which can act as ligands
for metal ions (Hanefeld et al.,, 2009).

Polyelectrolytes (PEs), such as poly(acrylicacid)(PAA), quaternized
poly(4-vinylpyridine) (QP4VP), poly(dimethylaminoethylmethacrylate)
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(PDMAEA), and poly(styrenesulfonate) (PSS) brushes have been ap-
plied towards biosensors through adsorption of proteins with liquid—
crystal-filled transmission electron microscopy (TEM) grid cells (Lee
et al,, 2010; Omer et al., 2014a; Omer et al., 2014b; Omer and Park,
2014; Tan and Wang, 2011). We found that all PEs can adsorb oppo-
sitely charged proteins. Strong PEs such as QP4VP (cationic) and PSS
(anionic) adsorbed proteins regardless of pH, while adsorption on
weak PEs such as PAA (anionic) and PDMAEA (cationic) was pH-de-
pendent because the charged states of the weak PEs depend on the
protonation (for cationic PE) or deprotonation (for anionic PE) of the
pendant groups below or above their pKa values. Since enzymes are
proteins, they can be adsorbed on the PEs.

Research on mixed PE (MPE) brushes composed of two oppo-
sitely charged polymers grafted on the same substrate have been
directed towards the fabrication of switchable hydrophobic/hy-
drophilic smart surfaces, Pickering emulsions, environmentally
responsive lithography, and transport of particles across liquid-
liquid interfaces (Zhao and Zhu, 2009). Self-assembled mono-
layers, photo-initiated free radical polymerization, photo etching,
surface patterning, and imprinted masking layers have been used
to synthesize MPE brushes (Tokarev and Minko, 2009). However,
these methods need sophisticated chemical reactions or poly-
merization on the substrate and are not suitable for introducing
MPE onto liquid crystals. Thus, a simple and convenient means for
functionalization of the liquid-crystal-filled TEM grid cells with
mixed brushes is highly desirable for biosensor development
(Price et al., 2011). The properties of the MPE brushes can be tuned
by varying the brush density, surface charges, chemical composi-
tion, addition of salts, and friction of the polymer (Draper et al.,
2004; Wei et al., 2013). Thus, owing to their tuning properties,
smart responses, and higher capacities for enzyme immobilization,
(Jain et al., 2009) MPE brushes can be applied towards developing
biosensors.

The choice of mixed brushes is crucial for application to bio-
sensors. QP4VP is a strong PE that carries positive charges at any
pH and can form strong ionic interactions with negatively charged
enzymes above their isoelectric points (PIs). Also, it is promising
for enzyme immobilization because QP4VP can expand to several
times its initial thickness in aqueous solution, which facilitates
binding of large biomolecules (Jain et al., 2009). PAA is a weak PE
and its chain conformation and charge state is pH-dependent. In
our previous study, glucose oxidase (GOx) which is immobilized
covalently on the PAA-coated 4-cyano-4’-pentylbiphenyl (5CB) (a
nematic liquid crystal at room temperature) in a TEM grid
(TEMpaa-gox) showed enhanced glucose detection at the 5CB/
aqueous interface. The small amount of glucose in solution was
detected through a homeotropic-to-planar (H-P) orientational
change of the 5CB observed under a polarized optical microscope
(POM).(Khan and Park, 2013) This H-P change was attributed to a
change in the local pH caused by the GOx-catalyzed oxidation of
glucose as shown in Scheme 1. This mode of detection has several
advantages such as low interference from other blood components
(hemoglobin, ascorbic acid, uric acid etc.), easy fabrication of
sensor cells, and simple detection (Khan and Park, 2013). However,
the problems arising with covalent immobilization of enzyme and
long term stability of the biosensor are needed to be resolve.

In this study, MPE brushes of QP4VP and PAA on the 5CB in a
TEM grid were introduced for enzyme immobilization through
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Scheme 1. GOx-catalyzed oxidation of glucose .

electrostatic interactions and glucose detection by pH-dependent
charge state, respectively, with quaternized poly(4-vinylpyridine-
b-4-cynobiphenyl-4’-oxyundecylacrylate) (QP4VP-b-LCP) and poly
(acrylicacid-b-4-cynobiphenyl-4’-oxyundecylacrylate) (PAA-b-
LCP) strongly anchoring in the 5CB in TEM grid. The ionic im-
mobilization of GOx to QP4VP chains and the pH responsiveness of
the PAA at the 5CB/aqueous interface were coupled to fabricate a
glucose biosensor by coating 5CB in the TEM grid with a mono-
layer of PAA-b-LCP and QP4VP-b-LCP (TEMpixeq) at the 5CB/aqu-
eous interface. A simple ionic immobilization without any che-
mical modification in this study retains the enzyme structure for a
long period of time, is not time-consuming, and also avoids the
use of other expensive reagents. The glucose was detected from an
H-P transition of the 5CB, which occurred through protonation of
the PAA chains. This TEM grid glucose sensor was tested for sta-
bility, enzyme activity, and sensitivity towards glucose detection.

2. Experimental
2.1. Materials

Microscope glass slides (Paul Marienfeld GmbH & Co. KG,
Germany) was cleaned using piranha solution (caution: piranha
solution is extremely corrosive and must be handled carefully),
washed subsequently with distilled water, and dried under nitro-
gen. Copper TEM specimen grids (G75, grid hole width of 285 um,
pitch of 340 pm, bar width of 55 pm, size of 3.05 mm, and thick-
ness of 18 um) were purchased from Ted Pella, Inc. GOx (E.C.
1.1.3.4) from Aspergillus niger was obtained from Sigma-Aldrich as
a salt-free lyophilized powder with a specific activity of
> 100,000 unit/g and a molecular weight of 1.6 x 10° g/mol. p-
(+)-Glucose (Sigma), N-(3-dimethylaminopropyl)-N-ethylcarbo-
diimide hydrochloride (EDC-HCl, Sigma-Aldrich), N-hydro-
xysulfosuccinimide sodium salt (NHS, Sigma-Aldrich), sodium
chloride (Aldrich), trifluoroacetic acid (TFA, Aldrich, 99%), 5CB (TCI,
100%), octadecyltrichlorosilane (OTS), methanol (Aldrich), di-
chloromethane (DCM, Aldrich), yeast extracts (Sigma), ascorbic
acid (Fluka), and hemoglobin human (Sigma) were used as re-
ceived. PAA-b-LCP and QP4VP-b-LCP were synthesized using the
method reported previously (Khan et al., 2011; Lee et al., 2010).
The number average molecular weights (M,s) of PAA (11 K)-b-LCP
(5 K) and QP4VP (16 K)-b-LCP (5.2 K) are given in parentheses, and
their poly disperity indices (My,/M,) are 1.14 and 1.17, respectively
(for example, 11 K is 11,000 g/mole).

2.2. Monolayer formation

The monolayer experiments were performed with a Langmuir-
Blodgett (LB) KSV Layer builder (KSV Instruments Ltd., AAA100178,
Finland) connected to a KSV mini-micro trough (17 x 5 cm?),
which was surrounded by an environmental chamber. The surface
pressure of the monolayer at the air/liquid interface was measured
using a Wilhelmy plate attached to a microbalance at room tem-
perature. 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 dioxane to toluene ratio of 6/4 (v/v) and a final concen-
tration of 1 mg/mL. QP4VP-b-LCP was dissolved in distilled water
(1 mg/mL). For the formation of the monolayer, a fixed volume of
the PAA-b-LCP solution (v, =200 pL) was dropped on the 1 M NaCl
subphase and then a known volume of the QP4VP-b-LCP solution
(v2) was immediately dropped on the subphase at zero sur-
face pressure (7). Various amounts of v, (20, 30, 40, 50, 60, 70, 80,
and 100 uL) were tested to find the optimum ratio. Different
concentrations of the NaCl solution (Cnac=0.2, 0.5, 0.75, and 1 M)
were used as the subphase. One hour after monolayer formation,
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the monolayer was compressed, expanded, and compressed again
at a rate of 3 mm/min to achieve equilibrium. Fig, SI 1 shows the
LB isotherm curve of the mixed QP4VP-b-LCP/PAA-b-LCP mono-
layer on a 1 M NaCl solution as the subphase. The surface pressure
slowly increases until 50 mm? and then increases rapidly as the
area is decreased further, indicating that a monolayer was formed
on the subphase. The areal density of the monolayer was set at
36 mm? (r=~45 mN/m) in the region of a liquid-expanded phase
of the monolayer (Osvaldo and Oliveira, 1992).

2.3. Device fabrication

The flow cell used in this study was prepared by the method
reported in our previous study (Khan and Park, 2013). Briefly,
microscope glass slides were cleaned and coated with OTS to align
the 5CB perpendicular to the glass surface inducing homeotropic
orientation. A TEM grid was placed on the surface of the
12 x 8 mm? OTS-coated glass that was glued to another glass slide
with epoxy. A 1 uL drop of 5CB was placed on a TEM grid using a
5 uL glass syringe (HAMILTON Co., Reno, Nevada, USA). The excess
5CB was removed with a capillary tube to obtain a uniform thin
film with ~18 um thickness. To transfer the PAA-b-LCP/QP4VP-b-
LCP monolayer onto the surface of 5CB in the TEM grid, the TEM
grid filled with 5CB was inserted slowly into the LB bath with the
TEM grid side down, coming to rest on a silicon spacer (2 mm
thick) attached to a glass slide in the LB bath. The two glass slides
spaced with silicon rubber were then clipped with binder clips.
The internal volume of the flow cell was 0.4 mL. The inlet and
outlet ports for exchanging the solutions were made with syringe
needles punched through the silicon rubber. Fig. SI 2 shows the
schematic and actual photograph of the flow cell.

2.4. Labeling and immobilization of GOx

The labeling of the GOx was carried out following a slight
modification of a method reported elsewhere. Briefly, GOx was
dissolved in phosphate buffered saline (PBS) buffer (pH=7) in a
reaction vial to obtain a 20 pM solution into which the chemical
coupling agents, EDC- HCl and NHS, were added and kept for 1 h at
4 °C to activate the carboxyl group in GOx. Subsequently, 1 mg of
Rhodamin6G was added and stirred for 12 h at room temperature.
A saturated aqueous ammonium sulfate solution (0.5 g/mL) was
added dropwise to the mixture. The labeled GOx (GOX;nhgsc) Was
precipitated and centrifuged twice at 5000 rpm for 20 min. The
supernatant was then removed by filtration and the filtered
GOX;nhasc powder was dried under vacuum. The UV-vis spectrum
of the GOx;ngeg (Fig. SI 3b) solution shows absorbance peaks at
526 and 276 nm, which can be attributed to Rhodamin 6 G (Fig. SI
3a) and GOx (Fig. SI 3c), respectively, indicating that GOx was
successfully labeled. The electrostatic immobilization of GOx to the
QP4VP chains on the 5CB in the TEM grid was carried out by in-
jecting 3 mL of a 20 uM GOx solution into the flow cell. The
amount of immobilized GOx was determined from the UV-visible
spectrum. The calibration curve for the GOx (Fig. SI 4) aqueous
solution was obtained in the range of 0-6 M at a maximum ab-
sorbance wavelength (Amax) of 276 nm. The amount of im-
mobilized GOx (GOX;m,) was calculated from the difference in the
GOx solution concentration before and after immobilization.

2.5. Practical analysis

In order to test the TEMixed-cox grid sensor for glucose de-
tection in a sample, a complex mixture of yeast extracts (YE)
(1 mg/mL), hemoglobin (5 mM), ascorbic acid (AA) (0.1 mM) and
glucose (0.3, 0.5, and 2 mM) were prepared. The results of the
TEMnixed-Gox Sensor were compared with a standard high

performance liquid chromatography (HPLC) technique. The YE is
the common name for various forms of processed yeast products
made by extracting the body cell contents and commonly used as
food additives or flavorings and nutrients for diabetes and high
cholesterol. YE was used for practical analysis because it contains
all ingredients of the blood such as saturated and unsaturated fat,
sodium, potassium, magnesium, chromium, carbohydrates sugar,
protein and vitamin B-complex (Anderson, 1997) and may mimic
the contents of a real blood sample with the addition of he-
moglobin, AA and glucose. Fig. SI 5 shows the HPLC chromato-
grams of YE, glucose, and a YE/glucose mixture. The chromato-
gram of the YE does not show a peak at retention time (RT)=
9.75 min for glucose but that of the YE/glucose mixture exhibits a
characteristic peak of glucose at RT=9.75 min confirming that YE
does not have any glucose and the YE/glucose mixture can be used
as a standard sample for demonstrating the practical analysis of
the TEMmixed-cox S€NSOT.

2.6. Instrumentation

Images and videos of the TEM grid cells under a POM (Leitz,
ANA-006, Germany) with a crossed polarizer state were recorded
using a CCD camera (Samwon, STC-TC83USB, Korea). The UV-
visible spectra were obtained using a UV-visible spectro-
photometer (Shimadzu, 2401, Japan). The GOX;hqscon the TEM grid
was confirmed by fluorescence microscopy (Nikon Eclipse,
E600POL, Japan) and their fluorescence spectra were recorded
with a high resolution spectrometer (HR4000, Ocean Optics, Inc.,
Japan) attached to a fluorescence microscope. The HPLC analysis
was carried out using HPLC instrument (Waters Co. Model 600E)
with a column (Sugar-Pak I (6.5 x 300 mm)) and a refractive index
detector (RI, Model 410). Ca-EDTA buffer (50 mg Ca-EDTA/1L
dH20) was used for the mobile phase with a flow rate of 0.5 mL/
min at 90 °C in the column. The grey scale intensities (GI) of the
video frames were calculated using Adobe Photoshop CS5 soft-
ware. The optical birefringence (An) was measured using a tilting
compensator (2073 K, equipped with a calcite compensator plate,
Leitz, Germany) with source light intensity at 50% of full illumi-
nation. At the O position of the compensator, the crystal axis was
parallel to the polarizer axis. Optical birefringence, An, is defined
as I'/d, where I is the phase difference and d is the sample
thickness (18,000 nm). The /" was measured from the tilting angle
(2i) using the equation, I = 10%f (2i) x (C/10%) where f(2i) is ta-
bulated in the instrument manual and c is the compensator con-
stant (4.54 x 10%). The measurements were made in triplicate and
the error bars represents the standard deviation (SD).

3. Results and discussion
3.1. Monolayer formation

QP4VP (strong PE) is cationic regardless of pH while PAA (weak
PE) is anionic at pH higher than its pKa (~4.7). Thus, QP4VP and
PAA in water may have positive and negative charges on the 5CB,
respectively, at pH=7 (the test pH). The GOx enzyme has a PI
value of 5.2 which means that GOx has a net negative charge at
pH=7, thus, it is reasonable to expect electrostatic interactions
between QP4VP and GOx at pH=7. The amount of QP4VP (v,) was
controlled to find the optimum conditions for immobilization of
GOx at a fixed v, of 200 uL. The reference orientation should be
homeotropic because the GOx reaction with glucose induces a
homeotropic-to-planar orientational change. Earlier studies
showed that QP4VP-coated 5CB in the TEM grid exhibited a
homeotropic orientation at a pH range from 2 to ~12 (Omer and
Park, 2014). This result was attributed to a large quantity of
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charges induced by QP4VP that generated an electric field at the
5CB/aqueous interface. Fig. 1a-h shows the POM images (under
crossed polarizers) of the TEMpixeq grids at different v, with a
fixed Cnaci of 1 M. At v < 30 pL (Fig. 1a-d), a planar orientation of
5CB was observed, while at v, > 40 pL (Fig. 1Te-h), a homeotropic
orientation was observed. These results indicate that the home-
otropic orientation may be due to high charge density exhibited by
the QP4VP PE chains at the 5CB/aqueous interface, and the weak
PE, PAA, did not strongly affect the homeotropic orientation under
the test conditions.

The counterion salt on the PE greatly affects the orientation of
5CB in the TEM grid; thus, the amount of salt should be controlled.
Fig. 1i-k shows the POM images of the TEMpxeq at different Cyac
and a fixed v, of 50 pL. It has a homeotropic orientation at Cyac
=1M and v,=50pL as discussed in Fig. 1f. At Cnaq=0.75M
(Fig. 1i), a planar orientation was observed along with some dark
regions due to sporadic homeotropic orientation. At Cnac;=0.5 and
0.2 M (Fig. 1j-k), the darkness was reduced and a clear planar
orientation was observed. These results indicate that sufficient salt
is necessary to maintain the homeotropic orientation of 5CB in the
TEM grid. However, at v,=0 pL, the 5CB without QP4VP on the
TEMixed grid (TEMpaa) exhibited a planar orientation even at high
Cnacr (1.5 M) (Fig. 11). Thus, enough QP4VP brush should be coated
on the 5CB in the TEM grid with sufficient NaCl in order to obtain
the reference homeotropic orientation. Another possibility for
generating the homeotropic orientation involves NaCl in the
aqueous phase, which can lead to the formation of an electrical
double layer via the partitioning of ions from the aqueous phase
into the 5CB at the 5CB/aqueous interface. This causes the home-
otropic orientation of 5CB in the TEMxeq grid via an electric field
induced by the double layer (Carlton et al., 2012). In this work, the
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Fig. 1. POM images of the TEMpixeq grids at a fixed Cnaci=1 M and v, = (a) 0, (b) 10, (c) 20, (d) 30, (e) 40, (f) 50, (g) 60, and (h) 80 pL; at a fixed v, =50 pL and Cn,c=(i) 0.75,
(j) 0.5, and (k) 0.2 M; (1) TEMpaa in 1.5 M NaCl

Cnact Was fixed at 1 M for a monolayer formation unless otherwise
specified.

3.2. Immobilization of GOx

The amount of immobilized GOx (GOX;mp) on the TEM grid was
ascertained from optical densities determined by UV-vis spec-
troscopy. Fig. 2a shows the GOx;y,p as a function of v, after in-
jecting a 20 pM GOx solution. The GOXjyp increased with in-
creasing v,, indicating the successful binding of GOx to the QP4VP
chains with controllable binding density.

Fig. 2b shows the POM image of the TEMixed-cox after inject-
ing a 20 uM GOx solution into the cell at v,=40, 50, and 60 pL.
Before injection of the GOx solution, the POM images showed a
homeotropic orientation, as discussed in the previous section. At
v>=40 and 50 pL (Fig. 2bi, ii), they maintained a homeotropic
orientation, while at high v, (60 puL), planar orientations were
observed (Fig. 2biii). The planar orientation observed with high v,
might be due to the high amount of immobilized GOx, which
caused the planar orientation through electrostatic complex for-
mation leading to a decreased electric field due to neutrality of the
complex. Previously, a similar H-P change was observed when PE-
coated 5CB in a TEM grid cell was subjected to protein or enzyme
solutions above their PI (Omer and Park, 2014). In order to use this
surface for glucose detection, an initial homeotropic orientation
was required because GOx oxidation of glucose releases protons
(H*) and the protonation of PAA led to planar orientations of the
5CB. A 2 M NaCl solution was used to obtain an initial homeotropic
orientation after GOx immobilization in our previous work (Khan
and Park, 2013) which might affect the long term stability of the
biosensor. However, in the present study, 1 M NaCl was not used
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TEMixea, and (v) TEMpaa after electrostatic immobilization of GOX;ngec at v2=50 pL.

during enzyme immobilization and glucose detection, but only
during a monolayer formation so that the interactions between
the oppositely charged polymer brushes could be avoided. Thus,
the present system may have high stability and less interference.
The TEMixed-cox With v,= 50 pL (GOX;mp=0.78 uM) was used for
all experiments unless otherwise noted.

Fig. 2biv shows the fluorescence microscopy image of the
TEMixea after immobilization of the GOX;nggg at v2=50 pL. The
green color is uniformly distributed inside the TEM grids while the
region outside the TEM grids was almost black, confirming the
successful immobilization of GOx. For comparison, TEMpaa was
used under the same conditions as with TEMyixeq. After washing, a
black image (Fig. 2bv) was observed indicating that GOX;hqec Was
not immobilized to the PAA chains. This result indicates that the
immobilization of GOx is due to the electrostatic attractions
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between the QP4VP chains and GOx. GOx (PI=5.2) carries nega-
tive charges at pH=7 (test pH), thus GOx can be attached only to
the cationic QP4VP and not to the PAA.

3.3. Glucose detection and sensitivity

Fig. 3a shows the POM image of the TEMyixed-cox grid cell at
pH=7 under the crossed polarizer after replacing the aqueous
medium in the cell with an 8 mM glucose solution. The initial
homeotropic orientation changed to a planar orientation. This
H-P change might be due to the release of H* ions during the
enzymatic oxidation of glucose, reducing the pH in the cell
and causing the protonation and shrinkage of the PAA chains. The
pH-dependent shrinkage of PAA at the interface could alter the
orientational change in the strongly anchored 5CB in the TEM grid
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Fig. 3. POM images of the TEMixed-cox in (a) 8 mM glucose solution, and (b) acidic aqueous solution at pH=6, and (¢) TEMixeq Without immobilized GOx in an 8 mM

glucose solution.
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cell as reported elsewhere (Lee et al., 2010). The 5CB coated with
an amphiphilic block copolymer poly(ethylene imine)-b-N-[3-(di-
methylamino)-propyl]acrylamide) at the 5CB/aqueous interface
undergoes a reversible change in the optical appearance upon
alternate exposure to solutions of pH 5 and 9, which was attrib-
uted to the protonation and deprotonation states of the hydro-
philic chains (Kinsinger et al., 2007). In addition, the varying
charge density on the PAA chain led to a change in the 5CB or-
ientation (Lee et al., 2010). An acidic aqueous solution (pH=6) was
introduced to determine if the H-P change occurred on lowering
the pH. A similar H-P change (Fig. 3b) was observed, confirming
that the H-P change by addition of glucose to the TEMixed-cox
grid cell was indeed due to a lowered pH resulting from an en-
zymatic reaction. To confirm that the H-P change was due to the
enzymatic reaction of GOx, a 8 mM glucose solution was injected
into the flow cell without immobilized GOX (TEMpixeq) under
otherwise similar conditions. The initial homeotropic orientation
was retained (Fig. 3¢), indicating that this H-P change was due to
GOx reacting with glucose.

Fig. 4 shows the POM images of the TEMpixed-gox grid cells
with different concentrations (Cp) of glucose solutions. The initial
homeotropic orientation did not change at Cop < 0.4 mM (Fig. 4a).
At Co=0.5mM (Fig. 4b), a slight brightness appeared in the
TEMmixed-cox grid cell, and the P-H change became more visible as
Co increased (Fig. 4c-h). Thus, the TEMpixed-cox grid sensor could
detect glucose at Co > 0.5 mM. This detection limit is in the similar
range with many other reported values. For example, 0.96 mM was
reported with a nanocomposite electrode consisting of MWCNTSs
trapped between the chitosan layers (Monosik et al., 2012). De-
tection limit of 0.4 mM was observed with GOx immobilized on
CNTs in combination with Au and Pt (Chu et al., 2007) and CNTs
with a thin plasma-polymerized film (Hoshino et al., 2012). On the
other hand, in our previous study, TEMpaa with immobilized GOx
had a detection limit of 0.02 mM (Khan and Park, 2013). This low
detection limit may be due to the large amount of immobilized
GOx (2.6 uM) compared with 0.78 pM of TEMyixed-cox- HOWever,
this electrostatic immobilization of GOx was performed without
chemical reactions, and thus is much simpler and more cost
effective.
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Fig. 4. POM images of TEMixed-cox grid cells in glucose solutions at Co=(a) 0.4, (b) 0.5, (c) 1, (d) 3

3.4. Kinetics of glucose detection

In accordance with Michel-Levy chart the color of the
TEMmixed-cox Observed by POM under crossed polarizers re-
presents a specific level of retardation. The homeotropic and pla-
nar orientations showed black and bright images, respectively,
thus, the Gl increased as the H-P change progresses. The difference
in the optical appearance with increasing Cy can be an indication
of the glucose level in the medium. A frame of the movie re-
presents an image in a short period (4 s) and the GI of each clip can
represent the orientation state. Fig. 5a shows GI as a function of
time at different Cy. At high Co (8 and 5 mM), the GI increased
rapidly to the saturation level. The times required to reach half of
the saturated level were 180, 120, and 75 s at C,=0.5, 3, and 8 mM,
respectively. The saturation level also increased with increasing Co.

From the Gl measurement with time, it was determined that the
speed of the change in the optical appearance and its final saturated
value were dependent on the amount of glucose present in the cell.
Therefore, the precise measurement of the birefringence (An) can be
quite important for a quantitative measurement of the glucose level.
The An values of the TEMpixed-cox Were measured for different Cp,
ranging from 0.5 to 42 mM. Fig. 5b shows the change in An as a
function of Co. The An value increased linearly as Cy increased until
Co=11 mM and became saturated at ~0.08. The linear dynamic range
of the TEMixed-cox glucose sensor (until 11 mM) is larger than most
of the reported data of 3, 6, 8, 5, and 6.5 mM (Ho et al., 2014; Hwa
and Subramani, 2014; Jing-Juan and Hong-Yuan, 2000; Liu and Lin,
2006; Zhai et al., 2013) and we (Khan and Park, 2013) previously
reported a value of 2 mM.

The mechanism of the GOx-catalyzed reaction was studied
using the linear Michaelis-Menten model as shown in Eq. (1)

[N S B
AN Afpax  Afmax (1)

where Angax and Ky, are the maximum birefringence achieved at
the saturated level of the substrate and the Michaelis-Menten
constant, respectively. From the intercept and slope of the Cp/An
vs. Co plot (Fig. 5¢), the K., and Anp.x were 1.67 and 0.084,
respectively. The K, value, 1.67, was smaller than the values
of 3.94, 14, and 4.3 mM reported in literature (Jing-Juan and
Hong-Yuan, 2000; Malitesta et al., 1990; Zhang et al., 2005).
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Fig. 5. (a) Normalized GI as a function of time (s), (b) An as a function of Co, and (c)
Co/An vs. Co.

However it is larger than our previously reported K, of 0.32 mM
which may be due to the immobilization density of the GOx. The
small K,,, value suggests that the change in the optical appearance,
from the oxidation of glucose by GOx immobilized to the QP4VP
chains, in the TEMixed-cox 1S More sensitive than in other studies.
The Anpax is obtain when the upper part of the 5CB that is in
contact with aqueous medium is in a perfect parallel orientation
and dependent on the hydrophobicity of the OTS-coated glass,
brush density and composition of the PE, and the density of the
immobilized GOx.

3.5. Stability and reproducibility of TEMpmix-cox

Fig. 6a shows the fluorescence emission intensity ratio (I/Io, Iy is

oY)
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Fig. 6. (a)Fluorescence intensity ratio, I/lp, in percent as a function of time.
(b) Average GI value of the TEMpixed-cox Sensor with 3 cycles of a reference
homeotropic sate after washing, a planar state in a glucose solution at Co=8 mM, a
reference homeotropic state after washing, and a planar state in a glucose solution
at Co=3 mM.

the initial intensity) at 551 nm in percent as a function of time (Fig.
SI 6). At pH=3 (below the PI of GOx), ~75% loss was observed in
the fluorescence intensity after four days. However, at pH 7 and 9
(above the PI of GOx), only ~8% loss was observed in four days and
no significant loss was noted over 16 days. This result indicates
that electrostatic immobilization results in high GOx stability on
the QP4VP chains for a long period. In order to test the reprodu-
cibility, the TEMpixed-gox Se€nsor were alternatively exposed to
glucose solution followed by subsequent washing with~10 mL of
each PBS buffer (pH=7) and DI water to re-obtain the reference
homeotropic state. Fig. 6b shows the averaged GI value of
TEMmixed-cox glucose sensor with cycles of a reference home-
otropic sate after washing, a planar state in a glucose solution at Cy
=8 mM, a reference homeotropic state again after washing, and a
planar state in a glucose solution at Co=3 mM. In each cycle, the GI
value was found to be low 14 + 3 after washing due to the dar-
kened image of the homeotropic orientation, and increased to
84+1 and 54 +2 in the 8 and 3 mM glucose solutions, respec-
tively. This result indicates that the TEMixed-cox Sensor cell can be
used for multiple glucose detections even at different concentra-
tions. In our previous study, the TEM sensor could be utilized only
once for glucose detection due to the difficulty in re-obtaining
of the reference homeotropic orientation of the 5CB. Thus, the
TEMmixed-cox Sensor has high stability and activity, and capability
of multiple usages through electrostatic immobilization of the
enzyme (GOX).
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glucose.

3.6. Practical evaluation of TEMmixed-cox

Fig. 7 shows the POM images of the TEMpixed-cox With the YE/
glucose mixtures under crossed polarizers. The initial homeotropic
orientation (Fig. 7a) maintained when the aqueous medium in the
sensor cell was replaced with a YE/glucose (0.3 mM) mixture
(Fig. 7b). A H-P change was observed when a YE/glucose (0.5 mM)
mixture was injected in the cell (Fig. 7c). The An value obtained
from Fig. 7c was 0.0338 + 0.0003, similar to 0.0334 4+ 0.0004 from
the pure glucose solution at Co=0.5 mM (Fig. 4b). The planar or-
ientation became more visible with high content of glucose
(2 mM) in the mixture (Fig. 7d). Fig. 7e shows the H-P transition of
the TEMpixed-cox Sensor cell when an unknown content of glucose
was used in a mixture solution. The An value was found to be
0.055 + 0.0003 corresponding to the glucose concentration of
4.7 mM according to the linear range of TEMyixed-gox in Fig. 5b. In
order to check the exact amount of glucose in the YE/glucose
mixture, a standard curve ranging Co=2 to 11 mM was obtained
by using a HPLC technique (Fig. SI 7). The YE/glucose mixture so-
lution with unknown glucose content was found to be 4.62 mM
from HPLC, similar to that obtained from An. Thus, the
TEMmixed-cox Provides enough specificity for glucose detection and
quantitative measurement even in a complex mixture.

4. Conclusion

A fast, sensitive, readily made, reliable, cost-effective glucose
biosensor was fabricated with a TEM grid filled with 5CB on an
OTS-coated glass substrate by coating a monolayer consisting of
PAA-b-LCP and QP4VP-b-LCP on 5CB and physically immobilized
GOx at the 5CB/aqueous interface. This TEM grid glucose biosensor
was able to detect small amounts of glucose in an aqueous med-
ium and in a complex mixture with a small Michaelis—-Menten
constant (Ky,) value of 1.67 mM, stable for more than 16 days and
reproducible for reuse. These performance properties may reveal
novel methods to produce an LC biosensor by electrostatic im-
mobilization of enzymes without deteriorating other properties
such as long-term stability and sensitivity.
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