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Abstract
In this work, a high throughput methodology for screening enzyme inhibitors has been
demonstrated by combining enzyme immobilized magnetic carbonaceous microspheres and
matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS)
with grapheme oxide as matrix. First, model enzyme acetylcholinesterase (AChE) was
immobilized onto the 3-glycidoxypropyltrimethoxysilane (GLYMO)-modified magnetic carbona-
ceous (MC) microspheres, displaying a high enzyme activity and stability, and also facilitating
the separation of enzyme from substrate and product. The efficiency of immobilized AChE was
monitored by biochemical assay, which was carried out by mixing enzyme-immobilized MC
microspheres with model substrate acetylcholine (ACh), and subsequent quantitative determi-
nation of substrate ACh and product choline using graphene oxide-based MALDI-TOF-MS with
no background inference. The limit of detection (LOD) for ACh was 0.25 fmol/μL, and excellent
linearity (R2=0.9998) was maintained over the range of 0.5 and 250 fmol/μL. Choline was
quantified over the range of 0.05 and 15 pmol/μL, also with excellent linearity (R2=0.9994) and
low LOD (0.15 fmol/μL). Good accuracy and precision were obtained for all concentrations within
the range of the standard curves. All together, eight compounds (four known AChE inhibitors
and four control chemical compounds with no AChE inhibit effect) were tested with our promoted
methodology, and the obtained results demonstrated that our high throughput screening
methodology could be a great help to the routine enzyme inhibitor screening.
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Introduction

Acetylcholine (ACh) is an essential neurotransmitter,
which plays a vital role in terms of memory and

learning, attention and sleep regulation [1]. Low levels of
ACh are believed to be associated with pathologic con-
ditions, such as Alzheimer’s disease [2]. Since the principal
function of the enzyme acetylcholinesterase (AChE) is to
rapidly hydrolyze of the active neurotransmitter ACh into
the inactive compounds choline and acetic acid, the
inhibition of AChE activity serves as an important strategy
for the treatment of Alzheimer’s disease [3]. Currently,
several synthetic drugs have been approved for the treatment
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of Alzheimer’s disease clinically [4], which all acts as AChE
inhibitors to increase the amount of free ACh and improve
neuron transmission [5]. Several techniques have been
utilized to screen AChE inhibitors, such as colorimetric
bioassay or fluorescence plate reader methodology [6].
However, these methods have some defects, such as low
reproducibility or auto-fluorescence [7]. On the other hand,
to address the heavy workload of large scale candidate
screening, a high-throughput screening methodology is
greatly needed. Very recently, mass spectrometry (MS) has
been successfully utilized to monitor enzyme reaction [8].
Among which, matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry (MALDI-TOF-MS) based-
technology attracted our attention most [9].

As a “soft” ionization technique, MALDI-TOF-MS is
universally accepted as a very simple analytical approach
with high speed, sensitivity, accuracy, reproducibility, and
label-free readout [10, 11]. By eliminating liquid chroma-
tography elution profiles, MALDI possesses a high-through-
put potential, which greatly shortens the analysis time.
Meanwhile, its higher salt and buffer tolerance character-
istics can greatly simplify the sample preparation step.
However, two factors severely limit the application range
of MALDI-TOF-MS, which are ion signal fluctuation
produced by single laser-shot as well as intense matrix
background interference. From reports by others [12], the
introduction of internal standards can compensate signal
variations successfully. On the other hand, background
interferences could be greatly reduced by utilizing proper
matrices (i.e., graphene), especially for small organic
molecule detection (G600 Da) [13–18]. Possessing unique
electronic, optical, thermal, and mechanical properties [19],
graphene oxide can be produced by oxidizing graphite,
which is heavily oxygenated. Graphene oxide sheets bear
hydroxyl and epoxide functional groups on basal planes,
with carbonyl and carboxyl groups located at the sheet edges
[20], which makes graphene oxide sheets strongly hydro-
philic, easy to swell and dispersable in water [21]. Up to
now, graphene oxide has been successfully utilized as a
MALDI-TOF-MS matrix to detect small molecules [18, 22–
24]. However, no attempt has been made to detect ACh and
choline with graphene oxide before. Hence, in this work,
graphene oxide as a MALDI-TOF-MS matrix was utilized to
detect ACh and choline.

With the aid of MALDI-TOF-MS technology, the time
duration of an enzyme inhibitor screening process could be
greatly reduced. However, to further shorten this screening
procedure, the control of the enzyme digestion step is also
very important. Presently, immobilized enzymes have been
widely utilized. Compared with conventional in-solution
digestion, immobilized enzymes can greatly shorten the
digestion time [25]. Recently, various beads and surface
materials have been utilized for protease immobilization
[26], among which magnetic microspheres have attracted
increasing attention in our group [27–31]. Through immobi-
lization, the enzyme’s behavior can be improved in terms of

storage properties and pH stability. Also, by the aid of a
magnetic field, these enzymes can be separated rapidly from
the reaction mixture and reused [32], which can greatly
facilitate the digestion process and save time.

In this work, a high throughput enzyme inhibitor screen-
ing methodology was introduced. By utilizing 3-glycidox-
ypropyltrimethoxysilane (GLYMO)-modified magnetic
carbonaceous (MC) microspheres, the AChE enzyme could
be effectively immobilized through the interaction between
the epoxy groups of GLYMO and amide-functionalized
groups of AChE. The performance of the immobilized
enzyme was further tested by MALDI-TOF-MS after
incubation with substrate ACh. Graphene oxide was utilized
here to detect ACh and choline. The workflow was
illustrated in Figure 1a. In addition, a mini-compound
library containing eight compounds (four known AChE
inhibitors and four control chemical compounds with no
AChE inhibit effect) were tested, by spiking with substrate
ACh and incubating with immobilized AChE, respectively.

Experimental
Chemicals and Reagents

GLYMO, R-cyano-4-hydroxy-cinnamic acid (CHCA),
AChE, ACh (purity999%), choline chloride (999%), ace-
tyl-β-methylcholine chloride (998%), stable isotope choline-
d9 chloride (N,N,N-trimethyl-d9, 98% D enrichment), gal-
anthamine hydrobromide and tacrine were all purchased
from Sigma (St. Louis, MO, USA). Ferulic acid, rutin,
morin, paeonol, huperzine A (Hup A), and huperzine B
(Hup B) were purchased from the Institute for the Control of
Pharmaceutical and Biological Products of China (Beijing,
China). Acetonitrile was chromatographic grade (Merk,
Darmstadt, Germany). Distilled water was purified by a
Milli-Q system (Milford, MA, USA). Graphene oxide was
from Shanghai Boson Technology Co., Ltd. Other reagents
were of analytical grade and were purchased from Shanghai
Chemical Reagent Co. (Shanghai, China).

Preparation of GLYMO-Functioned MC
Microspheres

The GLYMO-functioned MC microspheres with core-shell
structure were synthesized in our laboratory [33]. Briefly,
the MC microspheres were first synthesized through sol-
vothermal reaction, using FeCl3·6H2O as a single iron
source and glucose as the ligand. The mixed reagents were
heated at 180 °C for 6 h in a Teflon-lined stainless-steel
autoclave, and then the products were obtained and washed
using magnetic force. The obtained MC microspheres were
refluxed with methylbenzene containing GLYMO at 80 °C
for 12 h and dried at 40 °C for 24 h to obtain the GLYMO-
functioned MC microspheres.
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Immobilization of AChE
onto the GLYMO-Functioned MC Microspheres

GLYMO-functioned MC microspheres (3 mg) were trans-
ferred to a 0.6 mL Eppendorf (EP) tube and dispersed in
200 μL 1 mg/mL AChE solution (50 mM NH4HCO3 as
buffer, pH 7.8). The mixture was ultrasonicated for 1 min to
form a homogeneous suspension (Supporting Information,
Figure S1). Then the suspension was centrifuged at 37 °C
for 1 h. After that, the supernatant solution was removed
with the help of a magnet. The retained magnetic micro-
spheres were washed three times with buffer, re-dispersed in
200 μL buffer, and stored at 4 °C before assay. The simple
immobilization is illustrated in Figure 1b.

The UV absorption value of the supernatant solution
was measured at λ=280 nm. By comparing with the
ultraviolet (UV) absorption value of the AChE solution
before immobilization, the amount of AChE immobilized

onto the GLYMO-functioned MC microspheres could be
calculated.

Sample Preparation

All stock solutions, standard solutions, and dilution series
were prepared in 50 mM NH4HCO3 (pH 7.8). The stock
solutions for acetylcholine, choline, acetyl-β-methylcholine
chloride, and choline-d9 were prepared at a concentration of
0.1 M. Acetyl-β-methylcholine chloride and choline-d9 were
used as internal standards. The stock solutions were used to
prepare the dilution series. Both ACh and choline were
analyzed in the range from 15 pmol/μL to 0.5 fmol/μL. Two
internal standards were used at the constant final concen-
trations of 100 fmol/μL for acetyl-β-methylcholine chloride
and 3 pmol/μL for choline-d9, separately.

Figure 1. (a) Flow chart of the proposed enzyme inhibitor screening methodology with MC microspheres and MALDI-TOF-MS
with graphene oxide as matrix. (b) Illustration of AChE immobilization onto the GLYMO-functioned MC microspheres
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The calibration standard solutions for substrate ACh and
product choline in AChE inhibition assay were also
prepared, by diluting the stock solutions to the concen-
trations of 0.25, 0.5, 1.25, 2.5, 25, 50, 125, 250, 500 fmol/
μL for ACh and 0.025, 0.05, 0.15, 0.3, 1.5, 3.0, 7.5, 15, 30
pmol/μL for choline. The concentrations for two internal
standards were 100 fmol/μL for acetyl-β-methylcholine
chloride and 250 fmol/μL for choline-d9, respectively.

Matrix Preparation and MALDI Spotting

One mg of graphene oxide was dispersed as MALDI matrix
in a 1 ml solution of ethanol/water (1:1, vol/vol) and then
sonicated for 3 min. To achieve a homogeneous layer, the
optimized three-level dried droplet preparation was carried
out here. One μL of the graphene oxide suspension was
pipetted onto the MALDI target quickly. It was left in the air
at room temperature to form a thin layer, and then, a 0.5 μL
solution of analyte from AChE Assay was pipetted onto the
layer of matrix and left in the air for evaporation of the
solvent. After that, 0.5 μL of internal standards mixture (100
fmol/μL acetyl-β-methylcholine chloride and 250 fmol/μL
choline-d9) was spotted onto the sample crystals and left to
dry completely.

MALDI-TOF-MS Analysis

Matrix assisted laser desorption/ionization mass spectra
(MALDI-TOF-MS) were acquired in positive reflection mode
between m/z 100 and 600 on a 5800 Proteomics Analyzer
(Applied Biosystems, Framingham, MA, USA) with the Nd:
YAG laser at 355 nm, a repetition rate of 200 Hz, and an
acceleration voltage of 20 kV. Two thousand laser shots per
spot were accumulated at 50 different spot positions. The MS/
MS fragmentation was performed at the collision energy of
2 kV using air as the collision gas at a pressure of 1×10–6 Torr.
Two thousand laser shots per precursor mass were accumulated
at 50 different spot positions. The 4000 Series Explorer V3.5.3
software and the Data Explorer Software V4.8 were used for
operating the mass spectrometer, as well as for data acquisition
and processing.

Method Validation and Calibration Curve

Three replicate experiments were carried out to obtain each
data listed in this work. A calibration curve was constructed
by plotting the intensity of the analyte relative to the
intensity of its corresponding internal standard on the y-axis
and the analyte concentration on the x-axis. Linear regres-
sion coefficient (R2), relative standard deviation (RSD), and
accuracy were calculated by Origin 8.0 software. Accuracy
was obtained by comparing the nominal values with the
experimentally determined concentrations. The concentra-
tions for each analyte were calculated from the resulting
peak intensity ratios and the regression equation of the
calibration curve.

AChE Assay

Briefly, the reaction mixtures of AChE-immobilized MC
microspheres (20 μL, 21 μg) and substrate (20 μL, 100 fmol/
μL acetylcholine), in the presence or absence of eight tested
compounds from a mini library (four known AChE
inhibitors and four pending AChE inhibitor candidates),
were prepared separately in 50 mM NH4HCO3 buffer to a
final volume of 200 μL, and incubated for 20 min at 37 °C.
The molar ratio of enzyme AChE to each inhibitor candidate
was 1:1000. A magnet was used to gather and isolate the
microspheres, with the supernatant waiting for further
MALDI-TOF-MS analysis.

Meanwhile, for comparison, the assay was also per-
formed by free AChE, i.e., without inhibitor. A 200 μL
mixture of 21 μg AChE and substrate (0.1 mg/mL
acetylcholine chloride) was incubated for 20 min at 37 °C,
and then, 20 μL acetonitrile was added to terminate the
reaction.

Results and Discussion
Performance Exploration of Graphene Oxide
as MALDI-TOF-MS Matrix

For MALDI-TOF-MS, the commonly utilized matrices are
CHCA, sinapinic acid and DHB, especially for macro-
molecule detection [34]. However, the performances of these
matrices are not desirable when utilized to detect low
molecular weight compounds (G600 Da) [35]. Strong back-
ground interferences were observed when CHCA was used
as matrix [17], i.e., ACh and choline detection [12]. These
interferences would greatly obscure the targeted compounds’
detection. In this work, graphene oxide was utilized as a
MALDI matrix to detect ACh and choline. As shown in
Figure 2a, background interferences were completely
reduced with graphene oxide as the matrix. Meanwhile, no
cation adduct ions such as sodium adduct [M+Na]+ or
potassium adduct [M+K]+ ions were observed.

Moreover, the detection reproducibility and sensitivity of
graphene oxide matrix on positive ion mode were also
investigated. Thirty sample spots were prepared with
graphene oxide as the matrix, and the continuous five
positive ion mass spectra were acquired from a discrete
location for each spot (200 laser shots for each mass
spectrum). The results are illustrated in Figure 2b, indicating
that for compounds ACh (m/z 146.1) and choline (m/z
104.1), stable signal intensity and good shot-to-shot repro-
ducibility can be achieved by utilizing graphene oxide. One
of the obstacles of utilizing MALDI-TOF-MS as a reliable
quantification method lies in the strong fluctuations in signal
intensities. This kind of problem can be addressed by
utilizing graphene oxide as a MALDI matrix to a certain
degree. Meanwhile, the inhomogeneous co-crystallization of
the analytes was also greatly reduced by our optimized
three-level dried droplet protocol, which also helped to
minimize signal intensity variations. Besides, two internal
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standards were simultaneously detected, which are acetyl-β-
methylcholin (m/z 160, internal standard for ACh) and
choline-d9 (m/z 113.2, internal standard for choline). The
introduction of these two internal standards was helpful for
quantitative analysis, which could compensate for the
remaining variations.

Quantitative Method Validation and Calibration
Curves

Suggested by others [12], the best options for internal
standards are isotopically labeled standards, which are
expensive and frequently unavailable. To address this
problem, structurally analogous compounds are fre-

quently utilized as a substitution. In this work, both
acetyl-β-methylcholin and choline-d9 were utilized as
internal standards for ACh and choline, respectively.
Their relative intensities were obtained by calculating the
peak intensity ratio of targeted ions (substrate ACh and
product choline) to their respective internal standards. No
significant differences in RSD and accuracy between the
two internal standards were noted. For ACh, the
calibration curve was analyzed in the concentration range
of 0.5–250 fmol/μL and internal standard acetyl-β-
methylcholin at a constant concentration of 100 fmol/
μL (Figure 3a). Choline was analyzed simultaneously in
the concentration range of 0.05–15 pmol/μL, with
internal standard choline-d9 at 250 fmol/μL (Figure 3b).

Figure 2. (a) Mass spectrum of a solution containing 100 fmol/μL ACh, 100 fmol/μL acetyl-β-methylcholin (internal standard
for ACh), 250 fmol/μL choline, and 250 fmol/μL choline-d9 (internal standard for choline) with graphene oxide as MALDI-TOF-
MS matrix. (b) Comparison of peak intensities (ACh and choline) with graphene oxide as MALDI-TOF-MS matrix. The
concentrations were 200 fmol/μL for Ach and 100 fmol/μL for choline, respectively
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The RSDs and accuracies for ACh and choline are listed
in Tables 1 and 2. Not surprisingly, the RSD of the
concentrations measured decreased with increasing sample
concentration. For example, at a concentration of 25 fmol/
μL, the RSD was 10.28 % for ACh, while a deviation of
15.80% was witnessed at the concentration of 1.25 fmol/ μL.
The limit of detection (LOD) was 0.25fmol/μL for ACh and
15 fmol/μL for choline. The limit of quantity (LOQ) was
found to be 0.5 fmol/μL for ACh and 50 fmol/μL for
choline. Notably, ACh shows an excellent linearity (R2=
0.9998) between 0.5 and 250 fmol/μL. While for choline, a
good precision with low RSD values and an excellent
linearity (R2=0.9994) were obtained in the quantified region
between 0.05 and 15 pmol/μL. Meanwhile, in Figure 2b, the

reproducible peak intensities data of ACh and choline were
mainly used for illustrating the stability of each concen-
tration data spot. However, within the calibration curves, the
peak intensity of the ion signal did not have a good linear
relationship at varied concentrations. Thus, two internal
standards were used and the quantification curves were
obtained by calculating the intensity ratio of the peak signal.
To investigate the necessity of utilizing these two internal
standards, the calibration curves of these two compounds
without using internal standards were obtained (Supporting
Information, Figure S2). The linear dynamic ranges of ACh
and choline were narrower than those obtained with internal
standards, and their linear regression coefficients became
worse.

ACh has been detected by various methods, such as
liquid chromatography/electrochemical (LC-EC) method
[36–38], liquid chromatography/electrospray ionization/
mass spectrometry (LC-ESI-MS) [8, 39–42], liquid chroma-
tography/atmospheric pressure chemical ionization/mass
spectrometry (LC-APCI-MS) [43], as well as MALDI-
TOF-MS with CHCA as the matrix [12]. The performances
of these methods have been listed in detail on Table 3.
Compared with these performances, our new high through-
put MALDI-TOF-MS methodology could achieve a lower
LOD than the traditional LC-EC applications, with no need
for chromatographic separation or desalting steps. Mean-
while, by utilizing graphene oxide as the MALDI matrix, a

Figure 3. Calibration Curves of (a) substrate ACh in the
concentration range of 0.5-250 fmol/μL and (b) product
choline in the concentration range of 0.05–15 pmol/μL, with
graphene oxide as MALDI-TOF-MS matrix. The error bar
indicate standard deviations (n=3)

Table 1. Precision, Accuracy, and Linearity Obtained from the Measure-
ment of ACh with Graphene Oxide as MALDI-TOF-MS Matrix. Acetyl-β-
methylcholin was Utilized as Internal Standard at a Constant Concentration
of 100 fmol/μL

ACh

Conc (fmol/μL) RSD % Accuracy (% error)

250 0.28 −0.60
125 0.54 2.30
50 8.25 −2.77
25 10.28 8.96
2.5 12.86 −7.76
1.25 15.80 3.34
0.5 4.51 −1.36
Linearity (R2) 0.9998

Table 2. Precision, Accuracy, and Linearity Obtained from the Measurement
of Choline with Graphene Oxide as MALDI-TOF-MS Matrix. Choline-d9 was
Utilized as Internal Standard at a Constant Concentration of 250 fmol/μL

Choline

Conc (pmol/μL) RSD % Accuracy (% error)

15 1.22 −0.59
7.5 3.39 2.27
3 6.41 6.82
1.5 3.41 3.80
0.3 10.22 11.59
0.15 14.84 19.67
0.05 26.64 −19.04
Linearity (R2) 0.9994
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clean MS profile with no background interferences could
be obtained, with a low LOD comparable to that of LC-
MS or other MALDI-TOF-MS (CHCA as matrix)
methods. In addition, in our previous work [8], ESI-MS
was utilized to analyze ACh and choline. As known to
us all, high throughput screening is very important for
enzyme inhibitor screening. Compared with ESI-MS,
MALDI-MS is a high throughput instrument. Hence,
finding a suitable matrix for MALDI-MS is of vital
importance. In this work, graphene oxide was demon-
strated to be a very good choice as MALDI matrix to
analyze ACh and choline, which enables our developed
screening method to be high throughput.

Preparation and Characterization
of GLYMO-Functionalized MC
Microspheres

GLYMO-functioned MC microspheres were prepared by
following our previous methods [44, 45]. The two-step
hydrothermal reactions and one carbonization reaction
enable a large-scale synthesis, which is simple and eco-
nomic. According to our previous work [33], the trans-
mission electron microscopy (TEM) image of the MC
microspheres demonstrates their satisfactory uniformity with
a mean diameter of 300 nm. Remarkably, the thick carbona-
ceous shell not only provides magnetite microspheres with
nonmetallic surface for further surface modification, but also
protects the enzyme from contact with iron oxide. And by
choosing GLYMO as the derivative reagent for MC micro-
spheres, better immobilization ratio and ability of the
enzyme for structural recognition can be realized, compared
with other reactive “spacer” groups such as diol, aldehyde,
and tresyl groups [46, 47]. The conjugation chemistry
between the enzyme and GLYMO is mainly accomplished
by the epoxy chemistry. The chemical reaction between the
epoxy group on GLYMO and free amino groups on enzyme
usually occurs at the pH 7–8. Epoxy chemistry is an
appropriate system for developing easy protocols, due to

its stability at neutral pH values, wet conditions, and
reactivity with several nucleophilic groups (i.e., free amino
groups). In our previous work [33], during the procedure of
immobilizing trypsin to GLYMO functionalized MC micro-
spheres, strong chemical bonds were formed.In addition,
Fourier transfer infrared (FT-IR) spectroscopy character-
ization further confirmed the successful modification of the
MC microspheres by GLYMO molecules, which is very
suitable for enzyme immobilization [33].

Immobilization of AChE
onto GLYMO-Functionalized MC Microspheres

AChE was immobilized to the GLYMO-functionalized MC
microspheres in a one-step reaction. The immobilization
ability of GLYMO-functioned MC microspheres for AChE
was determined by measuring the UV absorption of the
supernatant enzyme solution. Usually, enzyme immobiliza-
tion relies largely on experimental conditions, such as pH,
time, and reaction temperature. Hence, efforts have been
made to optimize the immobilization conditions. The
amount of immobilized AChE differed when the pH was
varied from 5.8 (acetate buffer), 6.8 (phosphate buffer), 7.8
(ammonium bicarbonate buffer), 8.8 (phosphate buffer) to
9.8 (sodium bicarbonate buffer). As shown in Figure 4a, the
higher pH value (pH97.8) resulted in similar reaction
efficiency between the epoxy group of GLYMO and the
amide functionalized groups of the enzyme. When pH value
was G7.8, weak cross link reactions were witnessed between
GLYMO and enzyme, which can be proven by the low
amount of immobilized AChE. Therefore, a 50 mM ammo-
nium bicarbonate buffer (pH 7.8) was recommended here.
Moreover, the proper immobilization time was investigated.
No further improvement was observed when the time
duration was more than 60 min, which may be related to
the saturated epoxy groups on GLYMO-functionalized MC
microspheres (Figure 4b). The temperature dependency of
this immobilization was also investigated. As shown in
Figure 4c, the immobilization efficiency still increased
slightly with a temperature higher than 37 °C, which
indicated that a higher temperature can improve this cross
link reaction. A higher temperature (937 °C) may result in
the irreversible structural destruction to enzyme AChE.
Hence, this immobilization procedure was conducted at
37 °C for 60 min.

According to the UV absorption measurements (calibra-
tion data not shown), the amount of AChE immobilized onto
the MC microspheres was about 66 μg/mg. In addition, to
testify the necessity of using GLYMO to immobilize
enzyme, control experiments have been carried out to
explore the non-specific binding of the enzyme to the beads.
The same AChE immobilization procedure was performed
using beads without GLYMO. The UV absorption was used
to determine the immobilization effect. No obvious changes
of UV signal were observed of the supernatant solution. Due
to the high sensitivity of the MALDI MS, a certain

Table 3. Performances of Current Reported Methods in Terms of ACh
Detection

Detection method LOD
(fmol/μL)

LOD
linearity
(R^2)

LOQ
(fmol/μL)

LOQ
linearity
(R^2)

Reference

LC-EC 10 0.999 - - [28]
- - 1 90.990 [29]
5 - 10 0.999 [30]

LC/ESI/MS - - - - [8]
1.4 0.9983 - - [31]
1 0.9792 5 - [32]
0.2 - 1 0.999 [33]
1 - - - [34]

LC/APCI/MS - - 1.5 0.986 [35]
MALDI-TOF-MS
(CHCA as matrix)

0.3 - 1 0.9996 [12]
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hydrolyzing results were observed (the result is shown in
Supporting Information, Figure S3). We assumed that as
there existed lots of hydroxyl groups and carboxyl groups on
the beads without GLYMO, the electrostatic interactions
would possibly occur between the beads and amino acids of
the enzyme. However, to achieve an effective enzyme
immobilization, this kind of electrostatic interaction force
was comparatively weak, which makes it meaningful to
introduce GLYMO.

Performance of AChE-Immobilized MC
Microspheres

The AChE assay was carried out as illustrated in Figure 1a.
Briefly, the AChE-immobilized MC microspheres were
dispersed in buffer solution and incubated with substrate
ACh under 37 °C. With the help of a magnet, the reactant
can be quickly separated from the MC microspheres.
Meanwhile, to realize a high throughput evaluation,
MALDI-TOF-MS was utilized here, with graphene oxide
as the matrix, to detect the amount of reduced substrate ACh
and released product choline. Figure 5a shows the MS
spectrum before digestion. Only peaks for the substrate ACh
(m/z 146.1) and the two internal standards could be found.
Meanwhile, Figure 5b shows a typical MALDI-TOF-MS
spectrum after 20 min digestion. The complete disappear-
ance of the substrate ACh peak (m/z 146.1) and the
appearance of the choline peak (m/z 104.1) fully demon-
strated the existence of the hydrolysis reaction. In the
presence of AChE, ACh (m/z 146.1) can be rapidly hydro-
lyzed into product choline (m/z 104.1) and acetic acid. No
particular requirement of separation technique was required,
which enabled our methodology to be rapid, easy, economic,
and high throughput.

The hydrolysis condition of immobilized enzyme AChE
was optimized as to the hydrolysis time, incubation temper-
ature as well as molar ratios of substrate ACh to enzyme
AChE (for more detailed information, please see Supporting
Information). As shown in Supporting Information,
Figure S4, the optimum hydrolysis efficiency could be
achieved after a 20 min hydrolysis at 37 °C, with a molar
ratio of 192:1 (ACh to AChE).

AChE Inhibitor Screening

The key mechanism of Alzheimer’s disease treatment drugs
lies in their ability to inhibit AChE. In this article, a mini-
compound library was employed to evaluate our new
methodology, which contained four known AChE inhibitors
(galanthamine, tacrine, Hup A, and Hup B) [8, 48] and four
control chemical compounds extracted from natural herbs
(ferulic acid, rutin, morin, paeonol) with no AChE inhibit
effect. Each compound was tested at the molar ratio of
1:1000 (enzyme AChE:each tested compound). As shown in
Figure 1c, the experiment was carried out as follows: AChE
microspheres were firstly dispersed in 50 mM NH4HCO3

buffer, and then incubated with substrate ACh (m/z 146.1)
and each compound from the mini library at 37 °C for
20 min, followed by rapid isolation with a magnet; and
finally the supernatant was measured by MALDI-TOF-MS
with the graphene oxide matrix. If AChE inhibition took
effect, the ratio of product choline (m/z 104.1) to internal
standard choline-d9 (m/z 113.2) would decrease, while the
ratio of substrate ACh (m/z 146.1) to internal standard
acetyl-β-methylcholine (m/z 160.1) would increase. Each
compound’s inhibition efficiency could be calculated

Figure 4. Optimizing immobilization conditions of enzyme
AChE onto GLYMO-functionalized MC microspheres: (a)
Influence of pH value on the immobilization efficiency; (b)
Influence of reaction time on the immobilization efficiency; (c)
Influence of reaction temperature on the immobilization
efficiency. The error bar indicate standard deviations (n=3)
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according to the following equations:

Inhibition Efficiency ð%Þ ¼ Kblank �Ksample

Kblank

� 100% ð1Þ

Kblank ¼ IRblankend � IRblankinitial ð2Þ

Ksample ¼ IRsample end � IRsample initial ð3Þ

IR ¼ Peak Intensity of ACh ðor cholineÞ
Peak Intensity of acetyl� b �methylchol ðor choline� d9Þ

ð4Þ

IR stands for peak intensity ratio of substrate ACh to
internal standard acetyl-β-methylcholine (or product choline
to internal standard choline-d9). The value of IR blank initial

was obtained at the beginning of the AChE assay with no
addition of any tested compounds from mini library, and the
value of IR blank end was obtained at the end of this AChE

assay, in the absence of eight tested compounds. Values for
IR sample initial and IR sample end were acquired respectively at
the beginning and the end of AChE assay, with the presence
of one tested compound from the mini library. Each
compound’s inhibition efficiency was determined in this
manner (Table 4).

Among the four known AChE inhibitors, galanthamine
was demonstrated to be the strongest AChE inhibitor with an
inhibition efficiency of 98.2% at the molar ratio of 1:1000
(enzyme AChE:galanthamine). The effect of this enzyme

Figure 5. MALDI-TOF-MS profiles of ACh before digestion (a) and after 20 min digestion at 37 °C (b), with acetyl-β-
methylcholine (m/z 160.1) as the internal standard for ACh (m/z 146.1), and choline-d9 (m/z 113.2) as the internal standard for
choline (m/z 104.1)

Table 4. The Inhibition Efficiencies of Eight Compounds from Mini-
library, which Contain Four Known AChE Inhibitors (Galanthamine,
Tacrine, Hup A, and Hup B) and Four Control Chemical Compounds
Extracted from Natural Herbs (Ferulic Acid, Rutin, Morin, Paeonol) with
No AChE Inhibit Effect. The Molar Ratio of Enzyme AChE to each Tested
Compound was 1:1000

Compound from mini-library Inhibition efficiency (%)

Galanthamine 98.2
Tacrine 97.9
Hup A 73.4
Hup B 76.8
Ferulic Acid 0
Rutin 0
Morin 0
Paeonol 0
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inhibitor galanthamine was shown in Figure 6. Tacrine
ranked the second with an inhibition efficiency of 97.9% at
the same molar ratio. While for Hup A and Hup B, at a
molar ratio of 1:1000, the inhibition efficiencies are 73.4%
for Hup A and 76.8% for Hup B. According to our previous
work [8], product choline’s peak completely vanished when
the molar ratio is about 1:2000 (enzyme AChE:Hup A or
enzyme AChE:Hup B). The current study provides a more
precise and visual result as to these two drugs’ inhibition
ability, respectively. Besides, no inhibition effect was found
among the four control chemical compounds (ferulic acid,
rutin, morin, paeonol), which was in good accordance with
these four chemicals’ characteristics. By screening of these
four control chemical compounds, the reliability of our
developed high throughput methodology was proved to be
valid.

In summary, for screening of the present mini compound
library, a rapid but valid analysis was realized. By utilizing
functionalized MC microspheres and MALDI-TOF-MS with
graphene oxide as matrix, our promoted high throughput
methodology would do a lot favor for large scale AChE
inhibitor candidates screening.

Conclusions
In this work, a high throughput methodology for screening
AChE inhibitor was developed. GLYMO-functionalized
magnetic carbonaceous microspheres were synthesized and
coated with enzyme AChE. This enzyme-immobilized
material possesses excellent characteristics, such as easy
isolation, cost saving, high efficiency, and recyclability, and
has great potential in a large-scale production. In addition,
graphene oxide was utilized to quantify ACh and choline.
Apart from reducing background interferences, many other
advantages are also presented here, such as simple sample
preparation, low LOD and LOQ, improved shot-to-shot
reproducibility, and excellent linearity. By combining AChE
immobilized MC microspheres and MALDI-TOF-MS with
graphene oxide as the matrix, our methodology has the
potential for rapid and sensitive measurements useful for
pharmaceutical research.
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