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ABSTRACT

It has been of great interest to measure the activity of acetylcholinesterase (AChE) and its
inhibitor, as AChE is known to accelerate the aggregation of the amyloid beta peptides that
underlie Alzheimer’s disease. Herein, we report the development of graphene oxide (GO)
fluorescence-based biosensors for the detection of AChE activity and AChE inhibitors. To this
end, GO was non-covalently functionalized with phenoxy-modified dextran (PhO-dex-GO)
through hydrophobic interaction; the resulting GO showed excellent colloidal-stability and
intense fluorescence in various aqueous solutions as compared to pristine GO and the GO
covalently functionalized with dextran. The fluorescence of PhO-dex-GO remarkably increased
as AChE catalyzed the hydrolysis of acetylthiocholine (ATCh) to give thiocholine and acetic
acid. It was found that the turn-on fluorescence response of PhO-dex-GO to AChE activity was
induced by protonation of carboxyl groups on it from the product of the enzymatic hydrolysis
reaction, acetic acid. Based on its turn-on fluorescence response, PhO-dex-GO was able to report

kinetic and thermodynamic parameters involving a maximum velocity, a Michaelis constant and
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an inhibition dissociation constant for AChE activity and inhibition. These parameters enable us

to determine the activity of AChE and the efficiency of the inhibitor.

Keywords: acetylcholinesterase, graphene oxide, GO fluorescence, inhibitor detection, optical

biosensor.

Alzheimer’s disease (AD)"? is a chronic and degenerative cognitive disorder, and is a leading
cause of dementia in elderly people. AD is believed to be caused by the self-assembling of
amyloid beta (AP) peptides, producing fibrillar AP oligomers that accumulate in the brain;> this
process can be induced by acetylcholinesterase (AChE) catalyzing the hydrolysis of
acetylcholine (ACh) to yield choline and acetic acid.*® Hence, the inhibition of AChE activity is
considered a promising clinical treatment to delay onset of AD and improve AD symptoms.” 8 In
order to monitor the activity of AChE and its inhibition, several assay methods have been
developed. The conventional assay for AChE activity is based on the reaction of thiols with 5,5'-
dithiobis-(2-nitrobenzoic acid) to give 2-nitro-5-thiobenzoate which is quantified by measuring
its absorbance at 412 nm.” However, this conventional method shows low sensitivity. Another
method widely used for assessing AChE activity and its inhibition rests on an enzyme cascade
reaction using an additional enzyme such as horseradish peroxidase (HRP) or choline oxidase in

addition to AChE.!*!* This cascade assay involves multi-step procedures and extra enzymes,
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rendering it complex and time-consuming. Moreover, this enzyme cascade assay might not be
suitable for the precise kinetic measurement of AChE activity and its inhibition, since the
hydrogen peroxide produced by additional enzymes, and not by AChE, leads to the response
signals in the assay. Recently, continuous fluorescent assays for the direct measurement of AChE
activity have been reported;'> '® however, the additional modification of the substrate ACh with
a quencher is essential to the process. Therefore, it is still required to develop a simple and
effective assay platform capable of reporting the direct reaction kinetics for AChE activity and
its inhibition.

Graphene oxide (GO) is an oxidized form of graphene involving various oxygen-containing

functional groups.!”"®

A disruption of conjugated m-bonds via oxidation in GO opens an
electronic band gap due to quantum confinement or intervalley scattering, resulting in the
emission of strong and tunable fluorescence in the visible and near infrared region of the
electromagnetic spectrum.?’?? It has been found that the fluorescence of GO is significantly
more stable with respect to photobleaching when compared to organic fluorescent dyes.?* Due to
its beneficial photophysical properties, GO fluorescence has been exploited as a sensing tool for
the detection of biological molecules,***” though it remains at an early stage. Hence, it is of great
interest to develop GO fluorescence-based optical biosensors as alternatives to address the
deficiencies of conventional bioassays. For the use of GO fluorescence as a signal transduction
tool in bioassays, it is essential to functionalize GO in order to retain its intense fluorescence
emission and colloidal stability during the entire reaction period. In particular, a non-covalent
approach which retains oxygen-containing functional groups on the GO is required, since these

affect GO’s intense fluorescence emission and fluorescence response to target molecules.?® 28
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Herein, we demonstrate an optical biosensor based on fluorescence exhibited by GO non-
covalently functionalized with phenoxy-modified dextran (denoted “PhO-dex-GO”) for the
detection of AChE activity and its inhibitors. The fluorescence properties and colloidal stability
of PhO-dex-GO were investigated, and compared to those of pristine GO and the GO that was
covalently functionalized with dextran (denoted “dex-GO’). PhO-dex-GO exhibiting intense
fluorescence and outstanding colloidal stability in aqueous solutions was then applied to the
detection of hydrolysis activity of AChE and its inhibition, providing kinetic and thermodynamic
parameters such as a maximum velocity (vmax), @ Michaelis constant (Km), and an inhibition
dissociation constant (Kd). In addition, we explored a mechanism responsible for the
fluorescence response of PhO-dex-GO to the enzymatic hydrolysis of acetylthiocholine (ATCh)

and AChE inhibition.

RESULTS AND DISCUSSION

The principle of the PhO-dex-GO sensor for the detection of AChE activity and inhibitors is
depicted in Figure 1. In the presence of AChE, the substrate ATCh underwent enzymatic
hydrolysis to produce thiocholine and acetic acid, resulting in a fluorescence increase on PhO-

dex-GO.

To design PhO-dex-GO, graphite oxide was prepared via a modified Hummers method.!” As-

prepared graphite oxide was then dispersed via a synthetic polymer, phenoxy dextran (PhO-

dex),?- 3 bearing a hydrophobic group in water through ultra-sonication in an ice bath for 30 min.

After centrifugation at 10,000 rpm for 15 min, the supernatant, including the GO non-covalently

functionalized with PhO-dex (PhO-dex-GO, 0.46 mg/mL), was obtained. The hydrophobic
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interaction of the phenoxy groups in PhO-dex with the hydrophobic plane of conjugated n-bonds
in GO produced a stable complex of PhO-dex-GO in aqueous solution. For comparison, GO was
covalently functionalized with dextran (dex-GO) in the presence of ammonium hydroxide
(Method in Supporting Information). PhO-dex-GO and dex-GO were then analyzed using atomic
force microscopy (AFM), as shown in Figure 2 and Figure S1. PhO-dex-GO exhibits a sheet
structure with a lateral size of 200-500 nm (Figure 2a). It was found that its height increased to
ca. 2.3 nm (Figure 2b) over that of pristine GO (ca. 1 nm, Figure Sla), indicating that PhO-dex
was introduced on the surface of the GO. The height of dex-GO also increased to ca. 2.0 nm, as

shown in Figure S1b.

After washing free PhO-dex polymers from the PhO-dex-GO solution using a centrifugal filter
device, PhO-dex-GO was dried for Fourier transform infrared (FT-IR) spectroscopy analysis.
Figure 2c shows the characteristic vibrational modes for PhO-dex adsorbed on GO in the
spectrum of PhO-dex-GO (red line). The bending modes for the C—O—H and C-O—C bonds in
the dextran backbone of PhO-dex clearly appeared at 1016, 1041, 1076, 1112, and 1147 cm™' 3%
32 In addition, the stretching mode for the sp?> C—O bond in a phenoxy group was observed at
1246 cm™. Note that the characteristic stretching modes for C=0, C-0, and C-O-C bonds in
pristine GO were still clearly observed in PhO-dex-GO, indicating that functional groups such as
the carboxyl, hydroxyl, and epoxide groups remain the same as in GO. An electronic transition
from the © to mw* orbital in the phenoxy groups was also observed in the ultraviolet (UV)
spectrum of PhO-dex-GO (Figure 2d). These analytical results suggest that PhO-dex-GO was
successfully prepared through the non-covalent dispersion of graphite oxide using PhO-dex. The

covalently functionalized GO (dex-GO) was also analyzed using FT-IR and UV spectroscopy

(Figure S2). The characteristic peaks for dextran at 1016, 1041, 1076, 1107, and 1147 cm™ were
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also observed in the FT-IR spectrum of the dex-GO as in the PhO-dex-GO; however, the peak

intensity at 1734 and 1261 cm! responsible for C=O and C-O-C stretching in the carboxyl and

epoxide groups of GO significantly decreased in the spectrum of dex-GO, indicating that the
oxygen-containing functional groups on pristine GO were damaged during covalent

functionalization. This spectroscopic analysis shows that dex-GO was prepared as well.

Following the FT-IR analysis, the fluorescence property and the colloidal stability of PhO-dex-
GO, dex-GO, and pristine GO were investigated in 4-(2-hydroxyethyl)-1-piperazine-
ethanesulfonic acid (HEPES) buffer solution (pH 8.0, 5 mM) in which AChE activity is
commonly assessed. As shown in Figure 3a, the fluorescence emission of PhO-dex-GO (50
pg/mL) was intense in buffer solution (red line), and was slightly higher than that of pristine GO
(black line). The spectral shape of PhO-dex-GO was almost identical to that of pristine GO;
however, the covalently functionalized dex-GO at the same concentration showed a significantly
reduced intensity of fluorescence emission (blue line) as compared to PhO-dex-GO and pristine
GO. This significant reduction in the fluorescence of dex-GO can be attributed to damage to the

C=0 and C-0 functional groups in GO during covalent functionalization, as shown in the FT-IR

spectrum in Figure S2a. This damage results in a diminution in the electronic transitions between
the confined C=C cluster and the boundary of the oxidized region.>® It has been reported that the
carbonyl functional groups in GO contribute to this long wavelength emission.?® 3 These results
suggest that a non-covalent approach to the functionalization of GO is significantly more
beneficial than a covalent approach in terms of optical property. Due to the weak fluorescence of
dex-GO, it was not examined farther in other solvent systems. The fluorescence of PhO-dex-GO
and pristine GO was then measured under various medium conditions (water, buffer, and ATCh-

containing solutions. Figure 3b shows a 50 % reduction in GO fluorescence in HEPES buffer
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solution, while PhO-dex-GO still exhibited very intense fluorescence with minimal change
(Figure 3c) as compared to that in water. In addition, when ATCh (19 mM) was added as a
substrate to a HEPES buffer solution of GO, it was found that its fluorescence was more
significantly diminished (Figure 3b, blue line), while PhO-dex-GO continued to emit
fluorescence at an intensity similar to that observed in water and a HEPES solution (Figure 3c,

blue line).

In order to understand the dramatic decrease in GO fluorescence under the ATCh and HEPES
buffer solutions, we measured the size distribution of GO and PhO-dex-GO using dynamic light
scattering (DLS). As shown in Figure 3d, the size distribution of GO in a HEPES buffer solution
shifted towards the right, and this shifting was more noticeable in an ATCh solution. According
to the results of DLS analysis, the average size of the GO gradually increased from 133, to 242,
to 728 nm in water, a HEPES solution, and an ATCh solution, respectively. This result indicates
that GO underwent aggregation due to low colloidal stability in the solutions with high ionic
strength or a high concentration of enzyme substrate, which resulted in a significant diminution
of fluorescence emission. The aggregated GO in ATCh solution was macroscopically observed
without magnification (inset: optical image), while PhO-dex-GO showed outstanding colloidal
stability in all different solutions. The size distribution of PhO-dex-GO appeared similar in three
different cases (from 178 to 179 nm in average size). On the basis of colloidal and optical
stability, we expect that the non-covalently functionalized PhO-dex-GO can be properly applied

to the detection of AChE activity and inhibitors.

We then investigated the fluorescence response of PhO-dex-GO to the enzymatic hydrolysis of
ATCh in the presence of AChE in HEPES buffer solution (pH 8.0, 5 mM). During this process,

ATCh is hydrolyzed by the enzyme into thiocholine and acetic acid. One of the products in the
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enzyme reaction, acetic acid, provides the PhO-dex-GO with acidic protons for protonation of
the carboxyl groups in PhO-dex-GO, which could lead to a change in its fluorescence. We
measured the fluorescence of PhO-dex-GO by varying the concentration of the enzyme AChE
from 0.95 to 2.38 U/mL at a constant concentration of ATCh (19 mM). The fluorescence was
measured 15 min after incubation of the mixture at 37 °C. Figure 4a, 4b, and S3 show that the
fluorescence of PhO-dex-GO increased with increasing the concentrations of AChE. No
fluorescence increase was observed as the enzyme (AChE) was added alone to the solution of
PhO-dex-GO in the absence of ATCh (Figure S4). In order to confirm that ATCh underwent
enzymatic hydrolysis, the production of thiocholine was monitored using Ellman’s method, in
which 5,5'-dithiobis-(2-nitrobenzoic acid) is converted into 2-nitro-5-thiobenzoate, which is
quantified by measuring an absorbance at 412 nm.’ As shown in Figure 4c, the absorbance at 412
nm gradually increased with increasing the concentrations of AChE, indicating that the
enzymatic hydrolysis of ATCh occurred in the PhO-dex-GO solution and proceeded more
rapidly at higher enzyme concentrations. The extent of enzymatic hydrolysis was in good
agreement with the fluorescence increase of PhO-dex-GO. Then, we measured the pH values of
the solution after the enzymatic hydrolysis reaction. As shown in Figure S5, the pH value of the
solution decreased as a function of AChE concentrations. The production of acetic acid can be
accelerated at higher concentrations of AChE, leading to a larger decrease in the pH of the
solution. This pH decrease can lead to protonation in the PhO-dex-GO carboxyl groups, resulting
in increased fluorescence. Figure 4d shows that the fluorescence intensity of the PhO-dex-GO
increased as the solution pH decreased. This pH effect on the fluorescence of PhO-dex-GO is

consistent with previously-reported results.?> 3
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Next, we varied the concentration of ATCh from 2.38 to 28.5 mM at a constant concentration
of AChE (1.9 U/mL) in HEPES buffer solution (pH 8.0, 5 mM) to examine the fluorescence
response of PhO-dex-GO. As shown in Figure 5a and S6, the fluorescence of PhO-dex-GO
increased with increasing concentrations of ATCh; however, no fluorescence change was
observed as ATCh was added alone without the enzyme AChE (Figure S7). In addition, PhO-
dex-GO continued to be stably dispersed without aggregation during the entire period of reaction
(Figure S8). These results indicate that the fluorescence increase in PhO-dex-GO was a result of
the enzymatic hydrolysis of ATCh which produces acidic protons. The hydrolysis of ATCh was
confirmed via Ellman’s method again, and Figure 5b shows that the absorbance at 412 nm
increased as a function of ATCh concentrations, indicating that ATCh was effectively converted
into thiocholine and acetic acid by AChE. We plotted the fluorescence response of PhO-dex-GO
and the pH value of the reaction solution against the concentration of ATCh (Figure 5c¢). It can
be clearly observed that the fluorescence of PhO-dex-GO increased (black squares) as the pH
value of the solution decreased gradually from 7.8 to 5.5 (red inverted triangles) as a function of
ATCh concentrations. In order to measure the enzyme reaction kinetics based on the turn-on
fluorescence response of PhO-dex-GO, the fluorescence response rates were measured at the
early stage of the enzyme reactions within 2 min at 37 °C (details in Supporting Information).
Then, a plot of reciprocal fluorescence response rates with reciprocal ATCh concentrations was
obtained, which obeys the Lineweaver-Burk equation (Figure 5d). This plot yielded a Michaelis
constant (Km) of 0.494 mM and a maximum velocity (vmax) of 0.083 min™!, respectively, which
are similar to those previously reported.” *” This result shows that PhO-dex-GO was able to
report the information about the reaction kinetics of AChE activity based on its turn-on

fluorescence response. During kinetics measurement of AChE activity, the pH value of the PhO-
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dex-GO solution decreased from 7.8 to 7.0 along with its fluorescence increase (Figure S9). It
was found that the activity of AChE remained almost same in this pH range when it was assessed
by Ellman’s reagent (Figure S10). This pH dependency of AChE activity is also in good

agreement with the previous result reported in other literature.*

In order to investigate the sensitivity of PhO-dex-GO for detection of AChE activity, the
concentration of AChE was varied from 0.1 to 100 mU/mL in the presence of ATCh (19 mM).
As shown in Figure S11, the fluorescence of PhO-dex-GO gradually increased with increasing
the AChE concentration from 0.1 to 100 mU/mL. The limit of detection (LOD) was calculated
based on the standard deviation of the response (SD) and the slope of the calibration curve (S) at
levels approximating the LOD according to the formula: LOD = 3.3(SD/S). LOD of PhO-dex-
GO for AChE activity was found to be 0.27 mU/mL. We also examined LOD of Ellman’s
method in the same concentration range of AChE (Figure S12). LOD of Ellman’s method for
AChE activity was found to be 1.26 mU/mL, which is very similar to the value reported in other
literature. These results clearly suggest that PhO-dex-GO is more sensitive to detection of AChE

activity than the conventional assay, Ellman’s method.

After then, we further examined whether PhO-dex-GO can detect an AChE inhibitor.

Paraoxon>® 40

, which is known as an irreversible inhibitor, was chosen as a model inhibitor to
AChHE. In inhibition assay, paraoxon at various concentrations was incubated first with AChE
(1.9 U/mL) for 5 min at 37 °C, and the resulting solution was added to the PhO-dex-GO solution
containing 19 mM of ATCh. After additional incubation for 15 min at 37 °C, the fluorescence of
PhO-dex-GO was measured. As shown in Figure 6a, the increased fluorescence in PhO-dex-GO

was clearly observed in the absence of paraoxon. However, its turn-on fluorescence response

was gradually reduced as the concentration of paraoxon increased in the solution. We calculated
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LOD of the PhO-dex-GO sensor for the inhibitor in the same way as LOD for detection of AChE
activity was determined. We found that its LOD was 28.55 nM, which is comparable to values
reported based on other methods.*! In the control experiments, only paraoxon or mixtures of
paraoxon and AChE were added into the PhO-dex-GO solution in the absence of ATCh, but no
fluorescence change was observed (Figure S13). We carried out additional control experiments
to demonstrate the selective screening of the inhibitor to AChE using PhO-dex-GO. Thiram,
which is known to inhibit the activity of glutathione reductase,*” was examined as a negative
control. As shown in Figure S14, the turn-on fluorescence response in PhO-dex-GO was still
observed in the presence of thiram at all concentrations, indicating that it was not able to inhibit
the activity of AChE. This result clearly suggests that PhO-dex-GO was able to selectively detect

an inhibitor to AChE.

In order to determine the inhibition efficiency of paraoxon, the kinetics of AChE inhibition
with paraoxon at various concentrations was measured through the fluorescence changes of PhO-
dex-GO against time (Figure S15). Then, a Zero-Time method* was applied to the plots to
obtain the initial velocity of reaction at zero time for each concentration of paraoxon, followed
by calculation of extract its dissociation constant (Kd4) as shown below. The initial velocity of
reaction at zero time can be obtained on the basis of the fluorescence response rate of PhO-dex-

GO at each concentration of paraoxon.

The equation of Zero-Time method is shown below;

_ __ KnlP]
47 K +HISDE-D

1)
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Where K4 is a dissociation constant, Km is the Michaelis constant of AChE, [P] is the
concentration of paraoxon, [S] is the concentration of ATCh, v, is the initial velocity of reaction
based on the fluorescence response rates in the presence of paraoxon at a certain concentration,
and vc is the velocity of reaction based on the fluorescence response rates in the absence of

paraoxon.

As shown in Figure 6b, the Zero-Time plots of reaction velocities appeared to be linear, so the
initial velocity of reaction at zero time (o) for each concentration of paraoxon was obtained via
extrapolation of the plots using the least squares method (0.00135, 0.00131, and 0.00126 sec™).
Then, the mean value of Kq (0.856 £ 0.073 uM) was calculated by substitution of these values
into the equation (1). This obtained value of K4 of paraoxon for AChE inhibition was found to be
similar with that previously reported in the literature.** This result suggests that the non-
covalently functionalized PhO-dex-GO is a versatile optical sensor for determining the inhibition

efficiency based on inhibition kinetics as well as the reaction kinetics for AChE activity.

CONCLUSIONS

We have developed the PhO-dex-GO platform by functionalizing GO non-covalently with PhO-
dex for the measurement of AChE activity and inhibitors based on its turn-on fluorescence
response. The non-covalently functionalized PhO-dex-GO exhibits excellent colloidal stability
and intense fluorescence in various aqueous solutions, and is able to detect the activity of AChE
and its inhibitor in a simple and rapid manner. In addition, PhO-dex-GO was able to provide
kinetic and thermodynamic parameters in relation to AChE activity and inhibition, enabling

determination of AChE activity and the efficiency of an inhibitor. We expect that this PhO-dex-
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GO platform could be extended to high-throughput screening of AChE inhibitors for treatment of

Alzheimer’s disease.

EXPERIMENTAL METHOD

Materials

Graphite flakes, sodium nitrate, potassium permanganate, sodium hydroxide, dextran (10 kDa),
1,2-epoxy-3-phenoxypropane, Acetylcholinesterase from Electrophorus electricus (electric eel)
(AChE), acetylthiocholine (ATCh), paraoxon-ethyl, 5,5"-dithiobis(2-nitrobenzoic acid) (DTNB),
and 4-(2-hydroxyethyl)-1-piperazine-ethanesulfonic acid (HEPES) were purchased from Sigma
Aldrich. Sulfuric Acid, hydrogen peroxide, and hydrogen chloride were purchased from Daejung,

Korea.

Synthesis of PhO-dex-GO

To synthesize PhO-dex, a 1 g portion of dextran (10 kDa) was dissolved in 1 M of NaOH
solution (10 mL), followed by the addition of 0.75 mL of 1,2-epoxy-3-phenoxypropane in an ice
bath.?> 3% After stirring the mixture for 10 h at 40 °C, a 150 mL portion of methanol was slowly
added into the reaction mixture to precipitate the desired product (PhO-dex). The precipitated

product was then washed with methanol several times, and was dried under vacuum.

Graphite oxide was synthesized via a modified Hummers method.!” 17 mL of H2SO4, 375 mgs
of NaNOs and 0.5 g of graphite were added into a round-bottom flask. A 2.5 g portion of KMnO4
was slowly added into the graphite solution, and the temperature increased to 35 °C. The reaction

mixture was stirred for an additional 2 h, followed by the slow addition of water (30 mL) in an
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ice bath. After stirring the resulting mixture for 2 h at room temperature, a 2 mL portion of H202
was added to the solution in an ice bath, and stirred for 30 min. After the addition of HCI
solution (10 v/v %), graphite oxide was centrifuged and washed extensively with water. After
neutralizing the graphite oxide solution with 0.1 M of NaOH solution, it was washed with water

and dried under vacuum.

A 15 mg portion of graphite oxide and a 15 mg portion of PhO-dex were added to 15 mL of
water, which was then sonicated for 30 min in an ice bath. The resulting solution was centrifuged

at 10,000 rpm for 15 min, and the supernatant was collected and used for further experiment.

General procedure for the measurement of AChE activity and its inhibitor with PhO-dex-

GO

In order to detect AChE activity based on fluorescence response, PhO-dex-GO (200 pg) was
dispersed in 4 mL of HEPES buffer solution (5 mM, pH 8.0). A 400 uL aliquot of PhO-dex-GO
was added to a microtube in which a 10 pL portion of AChE and a 10 pL portion of ATCh were
added at the desired concentration. The mixture was shaken for 15 min at 37 °C. The
fluorescence of PhO-dex-GO was then measured via excitation at 445 nm and acquisition for
0.05 sec. Fitting was done with instrumental weighting method; wi = 1/ci%, which i are the error

bar sizes stored in error bar columns.

To perform an assay for the detection of an inhibitor with PhO-dex-GO, 10 pL of AChE (80
U/mL) was mixed with a 10 pL portion of paraoxon (16 M), and the resulting mixture was

incubated for 5 min at 37 °C. The AChE/paraoxon solution was added to a 400 puL portion of

phO-dex-GO (50 pg/mL, HEPES buffer, pH 8.0) containing ATCh (19 mM), and the resulting
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mixture was shaken for 15 min at 37 °C. Then the fluorescence of PhO-dex-GO was measured

with excitation at 445 nm and acquisition for 0.05 sec.

ASSOCIATED CONTENT
Supporting Information

Instruments, additional experimental methods and data for GO and dex-GO, the fluorescence
responses without AChE or ATCh, and the fluorescence responses to thiram ezc. This material is

available free of charge via the Internet at http://pubs.acs.org.
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inhibitor ¥ Turn-on of PL

22 Figure 1. Schematic illustration for the detection of acetylcholinesterase (AChE) activity and
inhibitors through the fluorescence response of phenoxy dextran-functionalized GO (PhO-dex-

27 GO).
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Figure 2. Characterization of non-covalently functionalized PhO-dex-GO. (a) AFM image of
PhO-dex-GO and b) its height profiles, showing a height increase from 1.0 to 2.3 nm as
compared to pristine GO. ¢) FT-IR spectra and d) UV absorption spectra showing the clear

vibrational and absorption features of PhO-dex and GO.
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Figure 3. Fluorescence property of PhO-dex-GO and its colloidal stability. a) Fluorescence
spectra of pristine GO,
functionalized dex-GO at the same concentration (50 pg/mL). b) Fluorescence spectra of pristine
GO and c) PhO-dex-GO in water, HEPES buffer, and an ATCh solution. d) Size distribution of
GO and PhO-dex-GO as dispersed in water, HEPES buffer (5 mM), and an ATCh solution (19
mM), showing that non-covalently functionalized PhO-dex-GO maintained the same size
distribution in all solutions while the size distribution of pristine GO shifted towards larger sizes

in the HEPES buffer and ATCh solutions. The insets are photographs of GO and PhO-dex-GO
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Figure 4. Fluorescence response of non-covalently functionalized PhO-dex-GO to the hydrolysis
activity of AChE. a) Fluorescence spectra of PhO-dex-GO in the presence of AChE at various
concentrations from 0.95 to 2.38 U/mL. A 19 mM of ATCh was added as a substrate. b) The
change in fluorescence intensity of PhO-dex-GO at 568 nm as a function of AChE
concentrations. lo and I are the fluorescence intensity of the PhO-dex-GO before and after the
enzymatic hydrolysis of ATCh, respectively. ¢c) UV-Vis absorption spectra of Ellman’s reagent,
5,5’-dithiobis-(2-nitrobenzoic acid), to monitor the hydrolytic activity of AChE by measuring the
absorbance at 412 nm. d) A plot of pH changes in the PhO-dex-GO solution against the

fluorescence intensity changes of PhO-dex-GO during the enzymatic hydrolysis of ATCh at
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various concentrations of AChE. All error bars represent standard deviation from the mean

values (n = 4).
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ATCh concentrations. a) Fluorescence spectra of PhO-dex-GO in the presence of ATCh at
various concentrations from 2.38 to 28.5 mM. A 1.9 U/mL of AChE was used in the hydrolytic
reactions of ATCh. b) UV-Vis absorption spectra of Ellman’s reagent, 5,5'-dithiobis-(2-
nitrobenzoic acid), to monitor the hydrolytic activity of AChE at various concentrations of ATCh
by measuring the absorbance at 412 nm. ¢) Fluorescence intensity change of PhO-dex-GO at 568
nm (black square dots) and a pH change in the PhO-dex-GO solution (red triangle dots)
following the enzymatic hydrolysis of ATCh at various concentrations. o and I are the
fluorescence intensity of the PhO-dex-GO before and after the enzymatic hydrolysis of ATCh,

respectively. d) Lineweaver-Burk plot for the fluorescence response of PhO-dex-GO to the
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Figure 5. Fluorescence response of non-covalently functionalized PhO-dex-GO as a function of
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hydrolytic activity of AChE (1.9 U/mL) at various concentrations of ATCh, providing the kinetic
parameters for the enzymatic hydrolysis reaction of ATCh. All error bars represent standard

deviation from the mean values (n = 4).
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Figure 6. Optical detection of an AChE inhibitor on non-covalently functionalized PhO-dex-GO.
a) Fluorescence response of PhO-dex-GO to the hydrolytic activity of AChE (1.9 U/mL) in the
presence of its inhibitor, paraoxon, at various concentrations from 0 to 372 nM at 37 °C. A 19
mM of ATCh was used in all enzymatic hydrolysis reactions. lo and I are the fluorescence
intensity of PhO-dex-GO at 568 nm in the absence and presence of an inhibitor, respectively. All
error bars represent standard deviation from the mean values (n = 4). b) Zero-Time plots of
reaction velocities (A I/lo sec’?) against time during inhibition of AChE (1.9 U/mL) at various
concentrations of paraoxon in the presence of ATCh (19 mM) at 37 °C. Regression lines were

obtained by the least squares method.
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