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Abstract

The fast and accurate identification of nerve tracts is critical for successful nerve anastomosis.
Taking advantage of differences in acetylcholinesterase content between the spinal ventral and
dorsal roots, we developed a novel quartz crystal microbalance method to distinguish between
these nerves based on acetylcholinesterase antibody reactivity. The acetylcholinesterase antibody
was immobilized on the electrode surface of a quartz crystal microbalance and reacted with the
acetylcholinesterase in sample solution. The formed antigen and antibody complexes added to the
mass of the electrode inducing a change in frequency of the electrode. The spinal ventral and dorsal
roots were distinguished by the change in frequency. The ventral and dorsal roots were cut into 1 to
2-mm long segments and then soaked in 250 uL PBS. Acetylcholinesterase antibody was
immobilized on the quartz crystal microbalance gold electrode surface. The results revealed that in
10 minutes, both spinal ventral and dorsal roots induced a frequency change; however, the
frequency change induced by the ventral roots was notably higher than that induced by the dorsal
roots. No change was induced by bovine serum albumin or PBS. These results clearly demonstrate
that a quartz crystal microbalance sensor can be used as a rapid, highly sensitive and accurate
detection tool for the quick identification of spinal nerve roots intraoperatively.
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Research Highlights

(1) An acetylcholinesterase antibody-based quartz crystal microbalance was used for the rapid
identification of spinal ventral and dorsal roots.

(2) Using the quartz crystal microbalance, spinal ventral and dorsal roots can be identified in

10 minutes. The frequency change induced by ventral roots was notably higher than that induced by
dorsal roots. This novel method permits the rapid identification of spinal ventral and dorsal roots,
and provides a basis for the correct anastomosis and repair of nerve roots.

nerve regeneration and functional recovery

INTRODUCTION

are not satisfactory in most cases. The

Peripheral nerve injury is very common, both
in wartime and peace. End-to-end
neurorrhaphy is the treatment of choice to
repair neurotmesis in the clinic. However,
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spinal nerve roots connect peripheral nerves
with the spinal cord, and can be divided into
two types: a ventral root that mainly consists
of motor tracts and a dorsal root that mainly
consists of sensory tracts. If the motor and
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sensory tracts in the spinal nerve roots are not coapted
accurately during surgical operation, the regenerated
motor fibers do not grow onto the corresponding terminals
and the sensory fibers could fail to grow into the spinal
cord, leading to the loss of sensory and motor functions.
Thus, the fast and accurate identification of spinal ventral
and dorsal roots is critical during neuroanastomosis.

Identifying nerve tracts with conventional procedures can
take several days. A variety of methods have been
proposed to identify and screen nerve tracts, including
anatomic'™, thiocholine-based?, electrophysiological®®,
radioisotopic!®, histochemical® and
immunohistochemical®® approaches. However, these
methods are time consuming (requiring at least 2 hours
or more) and are not rapid enough to identify the nerve
tracts intraoperatively. Recently, several methods have
been developed to quickly identify nerve fascicles,
including electrochemistry!”), near-infrared diffuse
reflectance spectroscopy™® and Raman spectroscopy™.
Though these methods allow for rapid identification, their
sensitivity is not high enough to permit accurate
identification of nerve roots.

The quartz crystal microbalance technique is a fast and
highly sensitive method that permits accurate
identification in a few minutes. In recent years,
biosensing systems have been developed for trace
detection of biologically active substances™. Biosensors
are devices that detect biological or chemical interactions
in the form of antigen-antibody, nucleic acid,
enzyme-substrate or receptor-ligand complexes. Interest
in using biosensors in clinical medicine is on the rise™**,
Immunohistochemistry is a powerful molecular tool for
monitoring and detecting specific antigens in cells or
tissues™ .. In this method, the detection of peptides or
proteins requires an appropriate cognate antibody
labeled with fluorescein or an enzyme, such as
horseradish peroxidase or alkaline phosphatas
Piezoelectric immunosensors based on quartz crystal
microbalance have recently undergone rapid
development. They can perform label-free detection of
ligands, proteins and nucleic acids™®. Moreover, they are
useful for on-site monitoring, and are easily arrayed for
rapid real-time multi-sample analysis’*.,
Acetylcholinesterase is found in many types of nervous
tissue™. The activity of acetylcholinesterase in motor
fibers is markedly higher than in sensory fibers®?”. Thus,
acetylcholinesterase levels in spinal ventral roots are
notably greater than in dorsal roots. Currently, some
acetylcholinesterase-based quartz crystal microbalance
devices are capable of detecting organophosphorus in

ell4-15]

agricultural products®?Y. However, an antibody-based
biosensing system for the fast detection of
acetylcholinesterase has yet to be fully developed.

The present study sought to develop an
acetylcholinesterase antibody-based piezoelectric
biosensor, quartz crystal microbalance, for the rapid and
sensitive real-time detection of acetylcholinesterase. The
spinal ventral and dorsal roots were excised from beagles
and were investigated in this study. We aimed to establish
a fast, label-free, accurate and inexpensive identification
method to distinguish the two nerve roots using the
antibody-based quartz crystal microbalance device.

RESULTS

Quantitative analysis of experimental animals

A total of 10 beagles were used in the experiment. The
beagles were anesthetized and were sacrificed using an
intravenous injection of air. The spinal canal was
exposed via median incision in the lumbosacral region;
then both ventral and dorsal roots were excised for the
experiment (L,_;). All ventral and dorsal roots were
included in the final analysis.

Quartz crystal microbalance system and detection
The quartz crystal microbalance device comprises thin film
electrodes, usually gold (Au), deposited on each face of a
crystal. Voltage is applied across these electrodes to
deform the crystal plate, producing relative motion
between the two parallel crystal surfaces. The crystal is
induced to oscillate at a specific resonant frequency. The
frequency decreases gradually with addition of mass,
such as glutaraldehyde, immobilization of the
acetylcholinesterase antibody or reaction of the
acetylcholinesterase antibody and acetylcholinesterase
protein on the gold surface of the quartz crystal
microbalance. In the quartz crystal microbalance system,
the real-time frequency shift was recorded. Figure 1
shows an example of the real-time detection by the quartz
crystal microbalance system performed in our study.
There was a 138 Hz decrease in series resonant
frequency induced by the immobilization of glutaraldehyde.
There was a decrease in series resonant frequency of
approximately 131 Hz when the acetylcholinesterase
antibody was introduced and immobilized onto the
glutaraldehyde. A 20 Hz decrease was induced when the
acetylcholinesterase protein hybridized with the antibody.
In our quartz crystal microbalance system, the PBS
stream removed the non-specific binding, and the curve
rose immediately after the trough.
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Figure 1 An example of the detection of
acetylcholinesterase (AChE) with the quartz crystal
microbalance (QCM) system.

The whole process included the immobilization of
glutaraldehyde and AChE antibody, glycine blocking and the
detection of AChE. First, the glutaraldehyde was injected into
the QCM device to activate the surface of the gold electrode;
then the AChE antibody was injected into the device to be
immobilized onto the electrode surface via the aldehyde
group of the glutaraldehyde. After glycine blocking, samples
were added into the QCM device for detection.

Optimal concentration of acetylcholinesterase
antibody immobilized on the electrode surface

In these experiments, different concentrations of
anti-acetylcholinesterase antibody (25, 50, 100 and

150 ug/mL) were evaluated for the efficiency of
immobilization onto the electrode surface. The results
showed that frequency changes increased almost
linearly with increasing antibody concentration, with a
peak at 100 and 150 ug/mL. Antibody concentrations of
100 and 150 pg/mL produced the strongest covalent
attachment to the glutaraldehyde, compared with other
concentrations (P < 0.05) (Figure 2). There was no
significant difference between frequency changes at
concentrations of 100 and 150 ug/mL (P > 0.05),
indicating saturation of the immobilization sites on the
glutaraldehyde of the quartz crystal microbalance device.
Therefore, an antibody concentration of 100 ug/mL was
selected for the following experiments.

Detection of acetylcholinesterase in spinal ventral
and dorsal roots

The formation of immuno-complexes was monitored in
real time based on frequency changes. As shown in
Figures 3A and B, the acetylcholinesterase protein, both in
ventral and dorsal roots, was detectable by the quartz
crystal microbalance system. The detection process
lasted for 10 minutes. The acetylcholinesterase antibody
was able to specifically bind the complementary antigen.
The dorsal root caused a 10.4 + 0.3 Hz shift in frequency,
while the ventral root induced a 25.3 + 2.1 Hz shift in
frequency. The frequency changes induced by the ventral
roots were markedly greater (approximately 2.5-fold of the
dorsal root value), indicating that the acetylcholinesterase
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content in ventral roots was significantly higher than that in
dorsal roots (P < 0.05; Figure 3C).
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Figure 2 Immobilization efficiency of
acetylcholinesterase (AChE) antibody on the gold surface
of the quartz crystal microbalance (QCM) device.

Frequency change (AF) (Hz) after immobilization was
measured and calculated. The data are expressed as
mean = SD, n = 3. P < 0.05, vs. 25 yg/mL AChE antibody
group; °P < 0.05, vs. 50 pg/mL AChE antibody group using
a two-tailed Student’s t-test.

.~>
[oe]

~ prepe

10.5 Hz

Inject sample < 1ao] niest sample
1o chip o chip

Frequency (Hz)
Frequency (Hz)

R IR T I T P TR TR T
Time (second) Time (second)

Figure 3 Detection of acetylcholinesterase (AChE)
protein in ventral and dorsal roots of beagles with the
guartz crystal microbalance (QCM) system.
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(A) The detection process for the ventral root solution.
There was a 22 Hz decrease in frequency induced by the
AChE in the ventral root. (B) The detection process for the
dorsal root solution. There was a 10 Hz shift in frequency
induced by the AChE in the dorsal root. (C) Frequency
change (AF) after antigen-antibody reaction was
measured and calculated. The data are expressed as
mean + SD; n = 3. ®P < 0.05, vs. bovine serum albumin
and PBS; °P < 0.05, vs. dorsal root using a two-tailed
Student’s t-test.

Specificity and reusability of the quartz crystal
microbalance system

PBS and bovine serum albumin were assayed as well,
revealing that the assay was specific for
acetylcholinesterase. As shown in Figure 3C, the
frequency changes resulting from PBS and bovine serum
albumin were 1.1 £ 0.2 and 1.3 £ 0.9 Hz, respectively. This
result indicates that the detection of acetylcholinesterase
can be distinguished from the buffer and other proteins.
For the same crystal, a regeneration solution of NaOH

(20 mM) was applied for 10 minutes; however, about 50%
loss of activity was observed (data not shown). Therefore,
samples were tested using a new crystal after the original
crystal was saturated in this study.

DISCUSSION

The rapid identification of spinal nerve roots has long been
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a major challenge for researchers and clinicians.
Generally, the ventral root contains motor fibers and the
dorsal root contains sensory fibers. The main difference
between the motor and sensory fibers is that acetylcholine
is the neurotransmitter of motor fibers, while substance P
is the primary neurotransmitter of sensory fibers®?. The
acetylcholinesterase content is notably greater in the
ventral root than in the dorsal root®”. In recent years,
many methods have been developed to distinguish
peripheral nerves. Acetylcholinesterase staining can
successfully distinguish between ventral and dorsal roots,
but this method requires at least 1 hour for correct
identification®® ?*!. The radioisotopic method requires

3 hours or more to identify motor/sensory nerves. While
this method may be more sensitive, it is more expensive.
Bright blue-labeled monoclonal Blue-SAB specifically
reacts against the cell body and may be used to identify
sensory fibers of nerve trunks by immunohistochemistry.
Unfortunately, these sophisticated methods are costly in
both time and money. Other methods, such as
electrochemistry, near-infrared diffuse reflectance
spectroscopy and Raman spectroscopy, permit rapid
identification; however, their sensitivity is not high
enough and the accurate identification of nerve roots by
these methods is controversial. Building on previous
work, we hoped to establish a novel rapid and accurate
method to identify nerve roots based on differences in
acetylcholinesterase content. In the present study, we
show that the quartz crystal microbalance method
successfully performed a rapid and accurate
identification of spinal nerve roots based on levels of
acetylcholinesterase content using a pre-modified chip in
10 minutes. To our knowledge, this is the first report on
the rapid and accurate identification of nerve tracts using
an acetylcholinesterase antibody-based quartz crystal
microbalance device.

Quartz crystal microbalance is a new type of
high-accuracy resonance-type metering device. The core
of the quartz crystal microbalance is a specifically
manufactured quartz plate with a fundamental resonance
frequency in the range of 5-30 MHz. The crystal is
excited to resonance, and the effect of molecular
absorption is monitored®®”. Changes in the mass of the
material on the surface will alter the resonance frequency
of the crystal™. A linear relationship exists between
deposited mass and frequency response for quartz
crystals. The resonance frequency decreases linearly
with increasing mass on the quartz crystal microbalance
electrode at the nanogram level or less. This
characteristic of quartz crystal microbalance can be
exploited to develop bioanalytical tools on a 10-10 to

10-12 g scale™™. Quartz crystal microbalance-based
immunoassay has been designed and applied in several
different areas®®>?®. Recently, quartz crystal
microbalance has been successfully developed as a
dynamic and sensitive tool to monitor antigen or antibody
attachment to the quartz surface and antibody-antigen
specific recognition”.

In our study, the ventral and dorsal roots were cut into 1
to 2-mm long segments for the detection. We
immobilized various concentrations of
acetylcholinesterase antibody on the electrode surface of
the quartz crystal microbalance device. The optimal
concentration (100 pg/mL) was found according to the
saturation concentration of antibody on the surface of the
quartz crystal microbalance device. The segments of
ventral and dorsal roots were dissolved in the PBS. The
acetylcholinesterase antibody specifically bound the
acetylcholinesterase protein (but not bovine serum
albumin), leading to an increase in frequency shift. We
observed that both ventral and dorsal roots contained
acetylcholinesterase and could induce a frequency shift.
This observation is consistent with previous study®. The
frequency changes induced by ventral root solution was
notably more than that induced by dorsal root solution.
Therefore, we identified the nerve root based on the
difference in acetylcholinesterase content between the
ventral and dorsal roots. After the antibody was
immobilized on the sensor chip, we only needed

10 minutes for the detection. Bovine serum albumin and
PBS did not bind onto the surface of the quartz crystal
microbalance device and the frequency remained stable.
The specificity of the quartz crystal microbalance
immunosensor is mainly dependent upon the antibodies
immobilized on the crystal surface. Our result also
demonstrates that the monoclonal acetylcholinesterase
antibody developed in this study works well for the
specific detection of acetylcholinesterase protein.

The preparation of the chip, including activation,
immobilization and blocking, required approximately

1.5 hours, and the chip modified with the
acetylcholinesterase antibody could be stored in PBS at
4°C for 1 month. The detection of acetylcholinesterase
can be performed immediately with the pre-modified chip.
Acetylcholinesterase is also found on erythrocyte
membranes, where it constitutes the Yt blood group
antigen®®. Therefore, it is necessary to wash the blood
out of the nerve samples before detection.

In conclusion, a new quartz crystal microbalance method
was developed for the fast identification of spinal nerve
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roots. Current data clearly demonstrate that the
acetylcholinesterase antibody-based quartz crystal
microbalance sensor might be used as a fast

(10 minutes), label-free, sensitive, convenient and
inexpensive detection tool for the identification of spinal
nerve roots intraoperatively. The application of the
present sensor for the rapid identification of all branches
of major peripheral nerves, such as the ulnar nerve,
radial nerve and peroneal nerve, will be performed in the
future. Ultimately, we hope to accomplish the rapid and
precise identification of all peripheral nerves
intraoperatively in a non-invasive manner to aid the
accurate anastomosis of nerve stumps and improve
nerve regeneration and functional recovery.

MATERIALS AND METHODS

Design
A difference detection in vitro study.

Time and setting

This study was performed at the Laboratory of Dalian
Institute of Chemical Physics, Chinese Academy of
Sciences, China between January and July 2011.

Materials

Animals

Atotal of 10 adult beagles, 12 months old, of equal
gender, weighing 7-12 kg (8.4 = 1.5 kg), were provided
by the animal experiment center of Nanjing Medical
University (SCXK (Su) 2002-0031). All experimental
procedures were performed in accordance with the
Guidance Suggestions for the Care and Use of
Laboratory Animals, formulated by the Ministry of
Science and Technology of China'®.

Device

A 9 MHz AT cut piezoelectric quartz crystal slab (ANT
Technology Co., Ltd., Taipei, Taiwan, China), attached to a
layer of a gold electrode on each side (0.091 cm? in area
on each side; the detection limit of the quartz crystal
microbalance instrument in liquid = 0.1 Hz), was used as
the transducer in our experiment. The size of the quartz
crystal microbalance device was 45 x 45 x 40 cm®. The
flow injection and continuous frequency variation
recordings were performed using an Affinity Detection
System (ANT Technology Co., Ltd.). The system has five
main components, including an electronic oscillation circuit,
a frequency counter, a piezoelectric quartz of fixed
biosensor molecule (p-chip), a single loop flow system and
a computer to record and analyze the curve of frequency
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changes in real time (Figure 4). The sensor unit had the
following features: resolution, 0.1 Hz; sampling period,

1 second; frequency range, 2—16 MHz; temperature range,
4-60°C; voltage, 220 V; alternating current frequency,
50-60 Hz. The reaction cell was one sensor signal
channel with 30 pL of reaction cell volume. The single loop
flow system consisted of a temperature controller, sample
tubes, pipelines and a tubing pump with a flow rate of
10-200 pL/min and a sample loop volume of 200 yL. The
gold electrode surface of the quartz crystal microbalance
was pre-incubated with amidogen (ANT Technology Co.,
Ltd.) by the manufacturer.

Figure 4 Schematic diagram of the apparatus for the
quartz crystal microbalance (QCM) system.

a: Sample cell; b: pump; c: reaction cell; d: gold surface of
QCM device; e: disposal bottle; f: oscillation circuit; g:
frequency counter; h: personal computer and operating
software.

Methods

Surgical procedures

Ketamine 15 mg/kg, droperidol 5 mg and atropine 0.5 mg
were used for the induction of anesthesia, and animals
were sacrificed using an intravenous injection of air. The
spinal canal was exposed via a median incision in the
lumbosacral region with the dog lying prone; then both
ventral and dorsal roots were excised for the experiment
(L;-7). These specimens were immediately frozen with
liquid nitrogen for preservation.

Acetylcholinesterase antibody immobilization

The acetylcholinesterase antibody was immobilized on the
gold electrode surface of the quartz crystal microbalance
device as previously described, with minor modifications?.
In brief, the quartz crystal microbalance system was
washed with 1 M NaOH for 30 minutes, 1 N HCI for

30 minutes and then deionized water (18.2 MQ x cm;
Millipore-Milli-Q system, Bedford, MA, USA) for

60 minutes. Then, 0.01 M phosphate buffer (0.03 M NaCl,
1 M KH,PO, and 1 M K,HPO,, pH 7.4) was flushed
through the system at a speed of 60 yL/min. With the
frequency of the chip steady at 500 seconds, frequency
changes within £ 5 Hz, the solution containing 2.5%
glutaraldehyde (total volume: 200 uL; Sigma, St. Louis,
MO, USA) was injected into the system to activate the
surface for antibody immobilization. After immobilization
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of the glutaraldehyde, the pipeline was cleaned by
flowing through the PBS (0.01 M, pH 7.4, containing
0.154 M NacCl) for 15 minutes to remove unbound
glutaraldehyde on the gold surface and glutaraldehyde
residues in the pipeline. Then, various concentrations
(25, 50, 100 and 150 pg/mL) of acetylcholinesterase
antibody (Monoclonal antibody to acetylcholinesterase;
Abgent, San Diego, CA, USA) were added to the sample
tube and immobilized onto the glutaraldehyde by
covalent binding. The pipeline was cleaned by flowing
through the PBS for 15 minutes to remove unbound
antibody. Afterward, the remaining active aldehyde
groups were blocked by injecting 1 M glycine (Sigma)
solution into the system. Finally, the acetylcholinesterase
antibody-modified sensor chip was prepared for use. The
chip was stored in PBS at 4°C for 1 month.

Procedure for acetylcholinesterase detection

The ventral and dorsal roots were cut into 1 to 2-mm-long
segments, and then soaked in Eppendorf tubes with

250 pL PBS (0.01 M) for the acetylcholinesterase
dissolution. The lysates were cleared by centrifugation
for 5 minutes at 12 000 x g. The supernatant (200 pL)
was obtained for the acetylcholinesterase detection. After
the acetylcholinesterase antibody was immobilized on
the quartz crystal microbalance gold electrode surface,
the gold-quartz crystal microbalance device was
exposed to the sample flow (total volume: 200 pL)
containing lysates of nerve roots and 5 % bovine serum
albumin (Sigma). Reaction of acetylcholinesterase
antibody and acetylcholinesterase in the quartz crystal
microbalance device was at a flow speed of 30 yL/min.
The frequency shift during the reaction was recorded in
real-time.

The frequency changes were monitored in real-time
continuous reading and reported as the difference
between the final value and the value before the
antigen-antibody reaction or immobilization. The mass of
immobilized glutaraldehyde as well as
acetylcholinesterase antibody and acetylcholinesterase
protein on the quartz crystal microbalance device was

calculated using Sauerbrey’s equation:
AF = —F* (_’Omi )12
TPg kg

Where AF is the measured frequency shift, Fy is the
resonant frequency of the unloaded crystal, p, is the
density of liquid in contact with the crystal, n, is the
viscosity of the liquid in contact with the crystal, p, is the
density of quartz (2.648 g/cm®) and Uqis the shear modulus
of quartz, 2.947 x 10™ g/cm/s®. A frequency change of 1
Hz corresponds to a mass change of 0.883 ng.

Statistical analysis

The experimental data were analyzed using P-Sensor
software (3.0, ANT Technology Co., Ltd.) of the ADS
system in real-time. Each experiment was repeated three
times. All data were presented as mean £ SD.
Differences between groups were evaluated using a
two-tailed Student’s t-test. P-values less than 0.05 were
considered statistically significant.
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