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A cost-effective aptasensor capable of early
diagnosis and monitoring of Alzheimer's disease
with the rapid analysis of beta-amyloid peptide 1–
40†

Ashley Khang,‡ Nnebuefe Idegwu‡ and Ji Hoon Lee *

A cost-effective biosensor with guanine chemiluminescence detection capable of sensing trace levels of

beta-amyloid peptide 1–40 was developed for the early diagnosis and accurate monitoring of Alzheimer's

disease (AD), which is the biggest cause of dementia-related memory loss, and other cognitive abilities. A

specific DNA aptamer binds rapidly with beta-amyloid peptide 1–40 within 1 hour at room temperature.

Free DNA aptamers remaining after the procedure to capture beta-amyloid peptide 1–40 in a sample

electrostatically bind with luminescent dye within 5 min at room temperature. After the procedure,

3-methoxylphenylglyoxal hydrate in dimethyl furan and tetra-n-propylammonium hydroxide in deionized

water were added to the solution to generate green chemiluminescence. Bright chemiluminescence,

created by the internal chemiluminescence resonance energy transfer (inter-CRET) of the luminescent dye

bound with the DNA aptamer and the high-energy intermediate formed in guanine chemiluminescence,

was measured immediately for 20 s. The relative CL intensity decreased proportionally with the increase of

the beta-amyloid peptide 1–40. The limit of detection (LOD) of the biosensor having a wide linear dynamic

range (5–500 ng ml−1) was as low as 2 ng ml−1. In addition, it was confirmed that the biosensor can quantify

beta-amyloid peptide 1–40 with good accuracy, precision, recovery, and selectivity. We expect the principle

and concepts confirmed here to be developed to be applied as a new method capable of early diagnosis

and prognosis of human diseases with good reliability.

Introduction

The United Nations (UN) has announced that the global
population of those aged 65 and over is growing more rapidly
than that of any other age group (https://www.un.org/en/
sections/issues-depth/ageing/). With this trend, the number of
patients suffering from Alzheimer's disease, the most common
cause of dementia among adults aged 65 years and older, is
increasing continuously even though Alzheimer's disease is
not a normal part of aging. However, even among carriers of
Alzheimer's disease genes, a few people reach age 100 and
older without ever developing the disease – demonstrating
that environmental risk contributes to the disease.1

Symptoms of Alzheimer's disease usually appear after age
60 even though it starts 10 or more years before. Thus, it is
important to diagnose Alzheimer's disease early to prevent

and delay the appearance of the symptoms. Beta-amyloid
peptides (e.g., 1–40, 1–42) and tau levels in human fluid
samples are widely applied as biomarkers to indicate the
early stages of Alzheimer's disease.2–4 They are quantified
and monitored with various analytical methods such as time-
consuming and expensive immunoassays with a specific
sensor such as chemiluminescent, colorimetric,
electrochemical, or fluorescent.5–8 In order to improve on
immunoassays operated with intractable antibodies produced
with the sacrifice of small animals, recently, cost-effective
and easy-to-use single-strand DNA (ssDNA) and ribonucleic
acid (RNA) aptamers synthesized with appropriate chemicals
were designed and applied to the detection of beta-amyloid
peptides.9–11

Guanines of a free DNA aptamer, not bound with a
biomarker, react with 3,4,5-trimethoxylphenylglyoxal (TMPG)
to produce a high-energy intermediate as shown in
Scheme 1.12,13 The high-energy intermediate formed from the
reaction of guanine and TMPG in the presence of tetra-n-
propylammonium hydroxide (TPA) and dimethylformamide
(DMF) can emit dim light by itself14,15 (see Scheme 1A) as
well as transfer energy to a luminescent dye conjugated with

Sens. Diagn., 2023, 2, 409–417 | 409© 2023 The Author(s). Published by the Royal Society of Chemistry

Luminescent MD, LLC, Hagerstown, MD, 21742, USA.

E-mail: jhlee@luminescentmd.com

† Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d2sd00162d
‡ Ashley Khang and Nnebuefe Idegwu contributed equally in this research.

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
Ja

nu
ar

y 
20

23
. D

ow
nl

oa
de

d 
on

 7
/1

4/
20

25
 2

:0
4:

44
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue

http://crossmark.crossref.org/dialog/?doi=10.1039/d2sd00162d&domain=pdf&date_stamp=2023-03-17
http://orcid.org/0000-0001-9025-0609
https://www.un.org/en/sections/issues-depth/ageing/
https://www.un.org/en/sections/issues-depth/ageing/
https://doi.org/10.1039/d2sd00162d
https://doi.org/10.1039/d2sd00162d
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2sd00162d
https://pubs.rsc.org/en/journals/journal/SD
https://pubs.rsc.org/en/journals/journal/SD?issueid=SD002002


410 | Sens. Diagn., 2023, 2, 409–417 © 2023 The Author(s). Published by the Royal Society of Chemistry

the DNA aptamer based on the principle of intra
chemiluminescence resonance energy transfer (intra-CRET)
as shown in Scheme 1B. After the intra-CRET, the
luminescent dye emits bright visible light. The colour of the
light depends on the chemical and physical properties of the
fluorescent dye as shown in Scheme 1B.13,16–20

Commercially available dyes, such as QuantiFluor, SFC
Green, and Chamel Green, electrostatically bound with
ssDNA emit bright fluorescence even though they cannot
emit light in the absence of ssDNA.21,22 Based on the specific
properties of QuantiFluor, some biosensors have been
developed using the interaction of the dye and free DNA
aptamers not bound with a target marker using fluorescence
detection.21

In this research, we developed for the first time an
aptasensor with chemiluminescence detection for the early
diagnosis of Alzheimer's disease using a cost-effective DNA
aptamer of beta-amyloid peptide 1–40, instead of expensive
and intractable antibodies,23,24 and Chamel Green based on
two hypotheses. First, Chamel Green electrostatically bound
with free DNA aptamers emits bright chemiluminescence if
the high-energy intermediate formed from the reaction
between guanines of the free DNA aptamer and a
phenylglyoxal hydrate derivative, as shown in Scheme 1(A),
can transfer energy to Chamel Green intercalated with the
DNA aptamer based on internal-CRET instead of
conventional intra-CRET as shown in Scheme 1(B).13,16–20

Schemes S1 and S2† show the differences between intra- and
inter-CRET in the guanine chemiluminescence reaction.
Intra-CRET between the high-energy intermediate and a
fluorescent dye occurs when the fluorescence dye covalently
binds with the high-energy intermediate formed in the
guanine chemiluminescence reaction as shown in Schemes 1
and S1.†13,16,17 As shown in Scheme S2,† the inter-CRET
between the high-energy intermediate and a fluorescent dye
occurs when the distance between the high-energy
intermediate and the fluorescent dye is shorter than 10

nm.25–29 Second, if the brightness of the light emitted from
the aptasensor decreases with the increase of beta-amyloid
peptide 1–40 in a sample, it is possible to develop an easy-to-
use aptasensor operated without time-consuming and tedious
washing procedures. The research is described in detail in
this manuscript.

Materials and methods
Chemicals and materials

Beta-amyloid peptide 1–40 aptamer (5′-TGG GGG GCG GAC
GAT AGG GGC CCC CCG GTA GGA TGG ACG-3′)30 was
purchased from Alpha DNA (Montreal, Quebec, Canada).
3,4,5-Trimethoxylphenylglyoxal hydrate (TMPG, 97%) and
3-methoxylphenylglyoxal hydrate (3-MPG) were purchased
from Matrix Scientific (Columbia, SC, USA). Tetra-n-
propylammonium (TPA, HPLC grade) was purchased from
Alfa Aesar (Ward Hill, MA, USA). N,N-Dimethylformamide
(DMF) and various biomaterials were purchased from EMD
(Billerica, MA, USA). Beta-amyloid peptides 1–40 and 1–42
were purchased from Peptide International (Louisville, KY,
USA). Pooled human cerebrospinal fluid (CSF) was purchased
from Innovative Research (Novi, MI, USA). Artificial CSF A
and B (1000 mL of each, ready to use for electrophysiology)
were purchased from Ecocyte Bioscience (Austin, TX, USA).
Several types of buffer solution (pH 7.0–8.5) were purchased
from Teknova (Hollister, CA, USA). SFC Green and Chamel
Green, which are derivatives of a merocyanine-based
compound (see Scheme S1†), were provided by Sun Fine
Chem (Cheongju, Chungbuk, Republic of Korea).

Methods

Electrostatic binding of the luminescent dye and ssDNA.
In order to confirm that luminescent dyes (e.g. SFC Green,
Chamel Green) can electrostatically bind with ssDNAs, each
luminescent dye was mixed with DNA aptamer in Tris-HCl
(pH 8.5) for 5 min at room temperature (21 ± 3 °C). After the

Scheme 1 (A) Guanine chemiluminescence in the absence of a luminescent dye,14,15 (B) guanine chemiluminescence reaction in the presence of a
luminescent dye such as fluorescein or Texas Red.13,16–20
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incubation, the mixture (10 μl) and TPA (20 mM, 10 μl) were
poured into a borosilicate test tube. Then, the test tube was
inserted into the detection area of a luminometer with two
syringe pumps (Lumat 9507, Berthold Inc.). Finally, the
chemiluminescence emitted in the test tube, after the
addition of 3-MPG (125 μL) using a syringe pump of the
luminometer, was measured for 20 s using the
photomultiplier-tube (PM-tube) of the luminometer. The test
results obtained with the luminometer were analysed with
graphical and statistical tools of Microsoft Excel and Origin
2018.

Effect of phenylglyoxal hydrate derivative. In order to
determine a good phenylglyoxal hydrate derivative for the
research, 3-MPG and TMPG were used. The complex formed
from the electrostatic binding of Chamel Green and the DNA
aptamer emitted light with the addition of 3-MPG (or TMPG)
in the presence of 20 mM TPA. The brightness of each
sample was measured with the luminometer.

Determination of the effect of pH on the enhancement of
the intensity of light emitted from the inter-CRET between
the high-energy intermediate and Chamel Green bound with
the DNA aptamer. The effect of the buffer solution was
studied to enhance the efficiency of inter-CRET between the
high-energy intermediate and Chamel Green bound with the
DNA aptamer. The pH range was from 7 to 8.5, prepared with
various chemicals. The intensity of the light emitted from
complexes formed from the interaction of the ssDNA aptamer
and Chamel Green in each buffer was measured using the
luminometer with the addition of 3-MPG and TPA.

Determination of the effect of pH on the interaction
between the DNA aptamer and beta-amyloid peptide 1–40. In
order to determine the best pH for the binding reaction of
the DNA aptamer and beta-amyloid peptide 1–40, four
different pHs of 10 mM Tris-HCl buffer (7, 7.5, 8, 8.5) were
used. The mixture of DNA aptamer in each buffer (75 μL) and
beta-amyloid peptide 1–40 in artificial CSF (25 μl) were
incubated for 1 hour at room temperature. After the
incubation, the solution (50 μL) in each buffer was mixed
with 5 μM Chamel Green (50 μL) for 5 min at room
temperature. Then, the brightness of the light emitted from
the final mixture was measured using the luminometer.

Quantification of beta-amyloid peptide 1–40. To quantify
trace levels of beta-amyloid peptide 1–40 using the
biosensor, a linear calibration curve was obtained with 7
different standards containing beta-amyloid peptide 1–40 (0,
5, 25, 50, 125, 250, and 500 ng mL−1) in artificial
cerebrospinal fluid. Relative CL intensities in the presence
of different standards were measured with the luminometer.
Then, a good linear calibration curve was applied to study
the accuracy, precision, and recovery of the aptasensor.
Additionally, the accuracy, precision, and recovery of the
biosensor were studied using statistical methods. Also, the
selectivity of the ssDNA aptamer, capable of capturing beta-
amyloid peptide 1–40, was studied with the addition of
various biomaterials such as beta-amyloid peptide 1–42 and
human serum albumin.

Results and discussion
Electrostatic binding of luminescent dye and ssDNA

As shown in Fig. 1(A), the brightness of the guanine
chemiluminescence of the ssDNA depends on the reaction
conditions. With the addition of SFC Green or Chamel Green,
the brightness of the guanine chemiluminescence was
enhanced. In addition, the CL spectrum in the presence of
SFC Green was different from that in the presence of Chamel
as shown in Fig. 1(B). The time (τmax: 15 s) necessary for
attaining the maximum intensity (Imax) of the CL in the
presence of SFC Green was shorter than that (5 s) in the
presence of Chamel Green. Also, the half-life time (τ1/e: 190 s)
necessary for attaining the half intensity (I1/e) of the former
was shorter than that (35 s) of the latter. Fig. 1(B) indicates
that the shape of the spectrum depends on the properties of
the luminescent dye added in the guanine
chemiluminescence reaction.

Fig. 1(C) shows the possible guanine chemiluminescence
reaction mechanism proposed based on the results shown in
Fig. 1(A) and (B). First, it is expected that SFC Green and
Chamel Green electrostatically bind with cytosine and
guanine of the ssDNA. After the binding interaction, guanine
reacts with 3-MPG in the presence of TPA and DMF to
produce a high-energy intermediate. Then, the high-energy
intermediate transfers energy to the luminescent dye (SFC or
Chamel Green) intercalated in the ssDNA based on the
principle of inter-CRET. The luminescent dye excited due to
the inter-CRET emits bright light, whereas the remaining SFC
(or Chamel) Green not bound with ssDNA cannot emit light
because the distance (>10 nm) between the high-energy
intermediate and free SFC (or Chamel) Green is too great for
the inter-CRET to occur. It is well-known that the distance
between a donor and a receiver for CRET should be shorter
than 10 nm.31,32

Effect of phenylglyoxal hydrate derivative

As shown in Fig. 2(A), CL/CL0 determined in the presence of
3-MPG is higher than that in the presence of 3,4,5-TMPG.
CL0 is the chemiluminescence intensity of ssDNA measured
in the absence of SFC (or Chamel) Green. CL is the
chemiluminescence intensity of ssDNA measured in the
presence of SFC (or Chamel) Green. The results indicate that
the efficiency of 3-MPG is better than TMPG widely used in
the guanine chemiluminescence reaction.12,13,16–20 In other
words, a high-energy intermediate formed from the reaction
between 3-MPG and guanine of the ssDNA in the presence of
TPA and DMF can effectively transfer energy to SFC Green
and Chamel Green bound with cytosine and guanine of the
ssDNA. This is because the CL emission of the Chamel Green
and SFC Green is dependent on the energy, which is a self-
emission wavelength, of the high-energy intermediate formed
from the reaction of 3-MPG (or TMPG) and guanine.
Unfortunately, the self-emission of the high-energy
intermediate formed with 3-MPG or TMPG (see Scheme 1(A))
was too low to determine the maximum CL emission
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wavelength with a charge coupled device (CCD, USB 2000,
Ocean Insight, Orlando, FL). As indirect evidence, the
fluorescence wavelength (470 nm) of the complex formed
from the reaction of guanine and 3-MPG is 10 nm longer
than that (460 nm) formed from the reaction of guanine and
TMPG.33 Based on the results shown in Fig. 2(A) and the
indirect evidence,33 the wavelength of the self-emission
generated from the high-energy intermediate in the presence
of 3-MPG is appropriate for emission of relatively strong CL
of SFC Green and Chamel Green with the inter-CRET shown
in Fig. 1(C) and Scheme S2.† In conclusion, 3-MPG was
selected for the development of an aptasensor in this
research.

Fig. 2(B) shows that CL/CL0 depends on the concentration
of 3-MPG. Based on the results, 5 mM 3-MPG was selected to
develop an aptasensor capable of sensing beta-amyloid
peptide 1–40 in a sample. CL/CL0 in the presence of 3-MPG
at a concentration greater than 5 mM was lower than that in
the presence of 5 mM 3-MPG due to the self-quenching effect
observed in the presence of the excess high-energy

intermediate formed from the reaction of guanine and
relatively high concentration of phenylglyoxal hydrate
derivatives such as 3-MPG and TMPG.13,16

Effect of TPA

As shown in Fig. 3, CL/CL0 depends on the concentration of
TPA in the guanine chemiluminescence reaction in the
presence of Chamel Green. The results indicate that the
concentration of the high-energy intermediate formed from
the reaction of 3-MPG and guanines of the ssDNA is
dependent on the concentration of TPA. Fig. 3 indicates that
the concentration of the high-energy intermediate formed in
the presence of 10 mM TPA is lower than that in the presence
of 20 mM TPA. Thus, CL/CL0 under the former conditions is
lower than that under the latter conditions. CL/CL0 in the
presence of 40 mM TPA was also lower than that in the
presence of 20 mM TPA due to the self-quenching effect. In
other words, too many of the electrons of Chamel Green
excited by the inter-CRET between the high-energy

Fig. 1 (A) Guanine chemiluminescence spectra of ssDNA in the absence and presence of SFC Green and Chamel Green, (B) chemiluminescence
efficiencies depended on the chemical and physical properties of the emitter such as Chamel Green or SFC Green, (C) possible guanine
chemiluminescence reaction mechanism of ssDNA in the presence of SFC Green or Chamel Green.
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intermediate and Chamel Green were relaxed due to rapid
collision (self-quenching) in the excited state before the
emission of chemiluminescence. Based on the experimental
results shown in Fig. 3, 20 mM TPA was selected for this
research.

Effects of Chamel Green and DNA aptamer

Fig. 4(A) shows that the CL/CL0 depends on the
concentration of Chamel Green. Six different

concentrations of Chamel Green in 10 mM Tris-HCl (pH
8) were prepared by diluting the 10 mM Chamel Green
stock solution. 500 nM aptamer of beta-amyloid peptide
1–40 was used. CL/CL0 was the highest in the presence
of 5 μM Chamel Green prepared by 2000-fold dilution of
the stock in 10 mM Tris-HCl (pH 8). The CL/CL0
calculated in the presence of higher concentrations than
5 μM of Chamel Green was lower than that in the
presence of 5 μM Chamel Green due to the self-
quenching effect. Based on the results shown in Fig. 4(A),
we selected 5 μM Chamel Green for the development of
the label free aptasensor with guanine chemiluminescence
detection.

As shown in Fig. 4(B), CL/CL0 in the presence of 250
or 500 nM aptamer was higher than 1 because Chamel
Green emits bright chemiluminescence due to the inter-
CRET between the high-energy intermediate and Chamel
Green intercalated in the relatively high concentration of
the aptamer. However, CL/CL0 in the presence of 62.5 or
125 nM was lower than 1 due to the self-quenching of
excess Chamel Green electrons excited in the relatively low
concentration of the aptamer with inter-CRET. Thus, CL
was lower than CL0 measured in the presence of the
aptamer only. The results in Fig. 4(B) indicate that the
Chamel Green should be more dilute to obtain bright
chemiluminescence in the presence of a relatively low
concentration of aptamer without the self-quenching
effect.

As shown in Fig. 4(C), CL/CL0 in the presence of four
different concentrations of the aptamer was higher than 1
when the concentration of Chamel Green was 4-fold lower
than that used in Fig. 4(B). Thus, CL/CL0 was
proportionally enhanced with the increase of aptamer
concentration. In addition, CL/CL0 in the presence of 250
nM aptamer in Fig. 4(C) was about 3-fold higher than

Fig. 2 (A) Effect of phenylglyoxal hydrate derivative, [ssDNA] = 500
nM, [3-MPG] and [3,4,5-TMPG] = 10 mM in DMF, [SFC Green] = 5 μM,
[Chamel Green] = 6.7 mM in 10 mM Tris-HCl (pH 8), [TPA] = 20 mM;
(B) effect of the concentration of 3-MPG in the presence of Chamel
Green, [ssDNA] = 250 nM, [Chamel Green] = 6.7 mM in 10 mM Tris-
HCl (pH 8), [TPA] = 20 mM.

Fig. 3 Effect of TPA. [3-MPG] = 5 mM in DMF, [ssDNA] = 500 nM,
[Chamel Green] = 5 μM in 10 mM Tris-HCl (pH 8).

Sensors & Diagnostics Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
Ja

nu
ar

y 
20

23
. D

ow
nl

oa
de

d 
on

 7
/1

4/
20

25
 2

:0
4:

44
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2sd00162d


414 | Sens. Diagn., 2023, 2, 409–417 © 2023 The Author(s). Published by the Royal Society of Chemistry

that in Fig. 4(B) because for the former, the CL was
generated without the self-quenching effect. Based on the
results, we confirmed again that 5 μM Chamel Green is
the optimum concentration.

Effects of the buffer and pH

As shown in Fig. 5(A), CL/CL0 was dependent on the
composition of the buffer. CL/CL0 in 10 mM Tris-HCl (pH

Fig. 4 (A) Concentration effect of Chamel Green, (B) concentration effect of the aptamer in the presence of 20 mM Chamel Green, (C)
concentration effect of the aptamer in the presence of 5 mM Chamel Green, [3-MPG] = 5 mM in DMF, [TPA] = 20 mM.

Fig. 5 (A) Effect of the buffer in the presence of aptamer and Chamel Green, (B) effect of pH in the presence of aptamer and Chamel Green, (C)
effect of pH in the binding reaction of aptamer and beta-amyloid peptide in the presence of Chamel Green. (D) A procedure for the quantification
of the beta-amyloid peptide 1–40 using the aptasensor.
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7.5) was much higher than those in the other buffers. The
results indicate that the electrostatic binding interaction of
the DNA aptamer and Chamel Green in 10 mM Tris-HCl is
faster and more stable than that in other buffers. Fig. 5(A)
shows that CL/CL0 in PBS and TBS is slightly higher than 1.
The results indicate that the CL in the presence of Chamel
Green is as low as CL0. The results indicate that the
electrostatic binding of Chamel Green and the aptamer or
the inter-CRET between Chamel Green and the high-energy
intermediate is very difficult in PBS and TBS. Based on the
research results, 10 mM Tris-HCl was selected to prepare the
aptamer and Chamel Green working solutions.

Fig. 5(B) shows that the CL emission in the presence of
the aptamer and Chamel Green was the brightest in Tris-HCl
(pH 8). However, Fig. 5(C) indicates that the binding reaction
of the aptamer and beta-amyloid peptide 1–40 in pH 8 was
slower than those in pH 7 and 7.5, because CL125/CL at pH 8
was higher than those in pH 7 and 7.5. CL125 is the relative
CL intensity with the intercalation of Chamel Green and the
aptamer remaining after the binding reaction of the aptamer
and beta-amyloid peptide 1–40 (125 ng mL−1) for 1 hour at
room temperature (21 ± 2 °C). CL is the relative CL intensity
emitted in the presence of the aptamer and Chamel Green
without beta-amyloid peptide 1–40. Fig. 5(C) indicates that
the aptamer bound with beta-amyloid peptide 1–40 cannot
emit light because guanines of the aptamer bound with beta-
amyloid peptide 1–40 cannot react with 3-MPG to produce
the high-energy intermediate. In addition, the intensities of
the CL and CL125 under acidic conditions (Tris-HCl: pH < 7)
were too low to be applied for the development of the
biosensor because the pH for the intra-CRET between the
high-energy intermediate and Chamel Green should be
higher than 7. For example, the relative CL intensity
measured at pH 6 was less than 10% of that at pH 7. The pH
dependence of the intra-CRET in guanine
chemiluminescence is consistent with that of the inter-CRET
because it is difficult for the high-energy intermediate to
form from the reaction between 3-MPG and guanine under
the acidic conditions.13,16,17 Based on the results shown in
Fig. 5(C), we selected Tris-HCl (pH 7) for the development of
the biosensor capable of quantifying trace levels of beta-
amyloid peptide 1–40 in a sample.

Based on the preliminary research results, we developed
an aptasensor operating with the procedure shown in
Fig. 5(D). First, the aptamer binds with beta-amyloid peptide
1–40. Then, Chamel Green was added to the solution for the
intercalation between Chamel Green and the aptamer
remaining after the binding reaction. Finally, the CL of the
solution was measured with the addition of
chemiluminescence reagents such as 3-MPG, TPA, and DMF
as shown in Fig. 5(D).

Analysis of beta-amyloid peptide 1–40

As shown in Fig. 6(A), the relative CL intensity exponentially
decreased with the increase of beta-amyloid peptide 1–40 in

a sample because the DNA aptamer bound with beta-
amyloid peptide 1–40 cannot emit chemiluminescence as
shown in Fig. 5(C). Fig. 6(B) is the linear calibration curve
for the quantification of beta-amyloid peptide 1–40 in a
sample. The wide dynamic range of the calibration curve
has a good linearity from 5 to 500 ng mL−1. The limit of
detection (LOD = 3σ/slope) was as low as 2 ng mL−1. σ is
the standard deviation of the chemiluminescence intensity
measured in the absence of beta-amyloid peptide 1–40 (N =
15). The LOD of the easy-to-use aptasensor is similar to
those of other analytical methods34–38 that have been
recently reported. Table S1† indicates that the aptasensor
can rapidly quantify beta-amyloid peptide 1–40, whereas the
other methods were operated with complicated and time-
consuming procedures. Using the linear calibration curve of
the biosensor, it is possible to diagnose Alzheimer's disease
(AD) related dementia because the range (12.2–19.9 ng
mL−1) of beta-amyloid peptide 1–40 measured from patients
with AD related dementia39 is in the dynamic range of the

Fig. 6 (A) Relative CL intensities in the presence of various
concentrations of beta-amyloid peptide 1–40, (B) linear calibration
curve capable of quantifying beta-amyloid peptide 1–40 in a sample.
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calibration curve of the biosensor developed in this
research.

Accuracy, precision, recovery, and selectivity of the biosensor

In order to study the accuracy, precision, and recovery of the
aptasensor in CSF samples, three different CSF samples
containing certain concentrations of beta-amyloid peptide 1–
40 were used. Each sample was prepared with CSF. Then, we
spiked the samples with additional beta-amyloid peptide 1–
40 (15, 50, and 150 ng mL−1). As shown in Table S2,† the
accuracy, precision, and recovery of the aptasensor were
within the statistically acceptable error ranges. The accuracy
and precision ranges of the biosensor were 7.2–8.3% and
4.8–10%. The recovery range of the biosensor was from 92.7
to 108.3%.

Fig. 7 shows that the DNA aptamer used for this research
exhibits good selectivity for the analysis of beta-amyloid
peptide 1–40. This aptamer did not bind with other biological
materials including beta-amyloid peptide 1–42. This result is
consistent with the previous report.30

Conclusions

The electrostatic binding interaction of the DNA aptamer and
Chamel Green was studied for the first time to develop a new
aptasensor for the analysis of beta-amyloid peptide 1–40 in a
sample. It was confirmed that the complex formed from the
electrostatic binding between Chamel Green and the aptamer
generates bright chemiluminescence in the guanine
chemiluminescence reaction due to the inter-CRET between
Chamel Green and the high-energy intermediate formed from
the reaction of 3-MPG and guanine of the DNA aptamer.
Additionally, the DNA aptamer rapidly binds with beta-
amyloid peptide 1–40 in CSF. In conclusion, trace levels of
beta-amyloid peptide 1–40 were quantified with the

aptasensor with guanine chemiluminescence detection.
Additionally, we confirmed that the aptasensor could be
operated with good accuracy, precision, recovery, and
selectivity.

It is expected that the analytical method first developed in
this research can be applied to develop advanced aptasensors
capable of rapidly sensing other biomarkers of Alzheimer's
disease such as beta-amyloid peptide 1–42 and tau. We expect
that the accurate and early diagnosis of Alzheimer's disease is
possible with the consecutive analyses of three biomarkers,
including beta-amyloid peptide 1–40 and 1–42, and tau, in a
sample. The aptasensor with guanine chemiluminescence
detection operated based on the principle of inter-CRET can
be applied to diagnose various human diseases such as
cardiac ailments, cancers, and infectious diseases because
numerous DNA aptamers for the diagnosis of human diseases
have been widely developed.40,41 Additionally, it is possible
that this technology can be applied in various research fields
such as biology, biomedical engineering, chemistry,
environmental science and engineering, and toxicology.
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