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ABSTRACT

A novel, highly selective and sensitive chemiluminescence (CL) biosensor for insulin (INS) detection was
proposed based on aptamer and oligonucleotide-gold nanoparticles functionalized nanosilica @ gra-
phene oxide aerogel. Initially, nanosilica functionalized graphene oxide aerogel (Si0O,@GOAG) was suc-
cessfully prepared and the composite showed rich pore distribution, large specific surface area and good
biocompatibility. Insulin aptamer (IGA3) was used as a biorecognition element and oligonucleotide
functionalized gold nanoparticles (ssDNA-AuNPs) was used as CL signal amplification materials, which
were functionalized on the surface of SiO,@GOAG. The multi-functionalized composite - sSDNA-AuNPs/
IGA3/Si0,@ GOAG was obtained and used to construct the CL biosensor for insulin detection. When
insulin is present in a sample, the insulin will bind to the IGA3, which will result in the release of ssDNA-
AuNPs. The released ssDNA-AuNPs would catalyze the luminescence of luminol and H,0;. The linear
range of the CL biosensor for insulin detection was 7.5 x 10~ 12 to 5.0 x 10~ moL/L and the detection limit
was 1.6 x 1072 moL/L (S/N = 3). The selectivity and stability of the CL biosensor were also studied and
the results showed that the biosensor exhibited high selectivity and good stability due to the intro-
duction of ssDNA-AuNPs/IGA3/SiO,@GOAG. The CL biosensor was finally used for recombinant human
insulin detection in recombinant human insulin injection and the results were satisfactory.
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1. Introduction

Diabetes is a chronic or metabolic disease caused by the high
blood glucose level in the circulatory system [1]. Both hyper-
glycaemia (high blood glucose levels) and hypoglycaemia (low
blood glucose levels) can cause human health issues. Hyper-
glycaemia can cause long-term damage, rupture, and failure of
various organs, especially the eyes, kidneys, nerves, heart and veins,
while hypoglycemia can cause sweating, hunger, palpitation,
trembling, paleness and can also be insufficiency, irritability, irri-
tability and even coma [2]. Insulin is first synthesized as pre-
proinsulin in the f cells of the pancreas islets and human insulin are
secreted by the B cells after a series of conversions [3]. As the only
hormone to lower blood glucose in the body, insulin can promotes
the synthesis of glycogen, adipose and protein. Diabetes occurs if
the insulin in the body is insufficient for a long time [4,5]. Exoge-
nous insulin is mainly used for the treatment of diabetes. There are
many kinds of insulin used in clinical practice, such as insulin
aspart, insulin lispro, biosynthetic human insulin, low-protamine
zinc insulin, and insulin glargine. Although glucose meters have
been relatively effective at detecting glucose, and enable subse-
quent determination of insulin levels, there is still a problem in
developing a commercial Point-of-Care device that directly mea-
sures free insulin. Solving the problem is significant because
modern models use insulin doses to control blood glucose levels -
based on estimates of insulin-related glucose uptake [6,7]. There-
fore, the determination of insulin is extremely important in fields of
biomedicine and clinical diabetes treatment. There are various
methods to detect insulin [8], including electrochemistry sensor
[9,10], electrochemiluminescence sensor [11], fluorescence sensor
[12], liquid chromatography-mass spectrometry (LC-MS/MS) [13],
surface enhanced raman scattering (SERS) [14] and immunoassay
sensor [15,16]. However, some of these methods are hindered by
time-consuming operation, low sensitivity, expensive or cumber-
some instruments, which limit their further application. So there is
an urgent need to find a simple, low-cost, highly selective, sensitive
and accurate method to detect insulin. Chemiluminescence (CL) has
attracted widespread researchers’ attention owning to its high
sensitivity, wide linear range, fast analysis speed, simple operation,
no pollution to environment, and ease of use with other devices
[17]. There are rare reports about insulin detection by CL method
[18,19]. Yao et al. developed a microfluidic-based detection system
for the rapid determination of insulin through a CL immunoassay
[18]. A novel CL biosensor based on resonance energy transfer was
developed for sensitive determination of insulin [19].

Chemiluminescence (CL) is a detection method based on CL
reactions. Its excitation energy is supplied by the reaction itself, so
the background interference is eliminated effectively. For CL re-
actions, intermediates generated in the process of electron excita-
tion are unstable and the CL signal occurs when intermediates
return to the ground state [20]. However, one disadvantage of the
CL method is its poor selectivity because the CL intensity easily
changed when there are coexisting substances in sample. But the
deficiency is overcome by introducing some biorecognition mate-
rials including antibodies complex [21], aptamer composites
[22,23] and molecularly imprinted polymers [24]. Among these,
aptamer composites show excellent properties of the easy syn-
thesis, good stability, and a range of aptamers [25,26]. For example,
Wau et al. prepared a CL biosensor for glycoprotein tenascin-C
determination based on aptamers labeled with N-(4-aminobutyl)-
N-ethylisoluminol (ABEI) [27]. Lin et al. developed a selective
vascular endothelial growth factor (VEGF165) CL biosensor based
on two specific aptamers sequences [28]. Another disadvantage is
the weak CL intensity due to the low quantum yield of inorganic
molecules [29]. Therefore, the catalysts or signal-amplified

materials are necessary to construct CL biosensors. Metal porphy-
rins [30], metal nanoparticles [31], quantum dots [32], peroxidases
or peroxide mimic enzymes [33,34] are common catalysts in CL
detection. As a metal nanoparticle, gold nanoparticles (AuNPs) has
been widely used in CL systems compared with other catalysts.
Zhang et al. found that AuNPs with different sizes could improve
the CL intensity of luminol-H;0; at some extent [35]. Li et al. pro-
posed that AuNPs could trigger the CL reaction of luminol-AgNOs,
and some biological reducing compounds including monoamine
neurotransmitters and their metabolites, reductive amino acids,
ascorbic acid, uric acid, and glutathione showed a significant
inhibitory effect on the luminescence intensity [36]. Zhang et al.
prepared a CL biosensor for sensitive detection of fibrillar fibrin
based on AuNPs catalyzing luminol-H,05 [37].

Two-dimensional (2D) graphene materials are often used as
support materials in biosensors owing to their excellent surface
properties of good electrical conductivity, electrical conductivity,
mechanical properties and large specific surface area [38]. How-
ever, their further applications were limited due to their easy to
aggregation and agglomeration. Three-dimensional (3D) graphene
materials have overcome the above-mentioned drawbacks. 3D
graphene with porous structure includes graphene foam, sponge,
aerogel and hydrogel. Among these materials, graphene aerogel has
attracted researchers’ great interest owing to its easy synthesis,
high elasticity and strong adsorption capacity. Chen et al. prepared
a porous graphene-based aerogel (GAs) by cysteamine as a cross-
linking agent and GAs presented good adsorption property for
common dyes [39]. Wang et al. prepared a Fe304 nanoparticle/
graphene aerogel (Fe304/GA) through a simple liquid phase pre-
cipitation method and applied it to an anode material in lithium ion
battery, and the aerogel exhibited excellent lithium storage per-
formance [40]. Li et al. prepared spheroidal graphene aerogel
modified with both folic acid and octadecylamine, and the aerogel
was also applied to construct electrochemical sensors for cancer
cells detection [41].

Nanosilica (SiO;) is a non-toxic, odorless and eco-friendly inor-
ganic non-metallic material. Similarly to other nanomaterials, SiO;
exhibits many special properties when its size changes from micron
to nanometer, such as its large specific surface area, good stability,
good dispersion, easily modified surface and excellent biocompat-
ibility. Therefore, SiO, has been widely used in fields of food pro-
duction, industrial coatings, optics semiconductors, biochemistry
and medicine [42—45], especially in biosensors. Wang et al. syn-
thesized phytic acid functionalized silica nanoparticles and applied
it to construct a sensitive biosensor for dopamine detection [46].
Chen et al. prepared mesoporous silica (MSN) and used it to a
controlled release system, and a highly sensitive CL biosensor for
cocaine detection was realized [47]. Zhu et al. prepared a meso-
porous silica coated gold nanorods fluorescent probe (Au@SiO;)
and achieved simple and sensitive detection of bovine serum al-
bumin (BSA) [48].

In our work, multifunctional ssDNA-AuNPs/IGA3/Si0,@GOAG
was successfully synthesized, in which SiO,@GOAG had rich pore
distribution, large specific surface area and good biocompatibility,
insulin aptamer (IGA3) first reported by Yoshida et al. [49] was used
as a bioreceptor for target recognition and ssDNA-AuNPs as a cat-
alytic material for signal amplification. The composite was then
applied to the construction of CL biosensor for insulin detection.
When insulin is present in a sample, the insulin will bind to the
IGA3, which will result in the release of ssDNA-AuNPs. After the
removal of INS@IGA3/Si0,@GOAG, released ssDNA-AuNPs would
catalyze the CL reaction of luminol-H;0,. So the novel, highly se-
lective and sensitive CL biosensor was successfully prepared for
insulin detection.
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2. Experimental
2.1. Chemicals and reagents

Graphite powder was purchased from Tianjin Hongyan Chemical
Reagent Co., Ltd. Ethyl orthosilicate (TEOS), amino-
propyltriethoxysilane (APTS), anhydrous toluene, chloroauric acid
and sodium citrate were purchased from Shanghai Aladdin
Biochemical Technology Co., Ltd. Luminol and polyvinyl alcohol 1788
(PVA 1788) was purchased from Shanghai Maclean Biochemical
Technology Co., Ltd. Adrenaline (Adr) was purchased from Tianjin
Damao Chemical Reagent Factory. Recombinant human insulin
standard (insulin, INS, 11061-68-0) was purchased from Beijing
Bayer Biotech Co., Ltd and recombinant human insulin injection (40
IU/mL, S20030075) was purchased from Jiangsu Wanbang
Biochemical Pharmaceutical Group Co., Ltd. Bovine serum albumin
(BSA), cystine (Cys) and other biological interference substances
were purchased from Beijing Bayer Biotech Co., Ltd. Potassium per-
manganate (KMnOy), hydrogen peroxide (H,0,), sodium hydroxide
(NaOH) and all other chemicals or reagents unless otherwise stated
were all analytical reagent grade. Oligonucleotide DNA chain se-
quences were purchased from Shanghai Sangon Biotech Co. Ltd and
these sequences were as follows: insulin aptamer (IGA3): 5' -
GGTGGTGGGGGGGGTTGGTAGGGTGTCTTC - 3/, complementary DNA
(ssDNA): 5' - CCCCCCACCACC—(CH2)3—SH - 3’ and nonspecific
aptamer (N-Apt): 5' - GGTGGTGGGGGGCCAACCATCGGTGTCTTC - 3'.
Samples in whole experiments were prepared by 0.02 moL/L phos-
phate buffer solution (PBS, pH = 7.4). Other solutions used in this
work were prepared by ultra-pure water.

2.2. Instruments

The morphologies of prepared composites were characterized
by a scanning electron microscope (SEM, GUANTA FEG 250, FEI,
America) or a transmission electron microscopy (TEM, JEOL1400,
Japan). The fourier transform infrared spectroscopy measurement
(FTIR, PerkinElmer Corporation, America) was used to measure
special functional groups. The X-ray powder diffraction character-
ization was made on a D8 focus spectrometer (XRD, Brooke AXS,
Germany). Ultraviolet—visible spectrophotometer (UV—Vis, UV-
2550, China) and fluorescence spectrophotometer (FL, Shimadzu
RF-5301, Japan) were used to characterize AuNPs. The specific
surface area and pore size were determined by Brunauer-Emmett-
Teller surface area measurement (BET, Quantachrome, America).
The CL signal was determined by an IFFM-E flow injection CL
analyzer (Remex Electronic instrument High-Tech Ltd, China) that
equipped with an automatic injection system and a detection
system.

2.3. Preparation of GO

GO was synthesized by a modified Hummers' method as
mentioned in our previous work [50]. Briefly, 0.5 g graphite powder
was added to 100 mL mixed acid (VH2s04:Vuno3 =9:1) in a 250 mL
flask. After that, 3.0 g KMnO4 was added to the flask and stirred for
12 hat 90°C. Then, 30% H,0, was slowly added until no reaction
occurred. After centrifugal separation, 0.2 moL/L HCl and water
were used to wash the product. Final product was obtained after
vacuum drying at 60 °C.

2.4. Preparation of SiO, microspheres
SiO, microspheres were synthesized by a modified stober

method [51]. 2.5 mL ammonia and 1.0 mL TEOS were added to
20 mL mixed solvent (Vethanol:Vwater = 9:1) under magnetic stirring

at 400 r/min. Then, the mixture was stirred for 12 hat 10°C. The
product was collected by centrifugation and vacuum drying at
60°C.

2.5. Preparation of SiO,@GOAG

0.5 g SiO was dispersed to 25 mL mixture (Vaprs:Violuene = 1:5)
in a 50 mL flask. Under N5, the mixture was reflux heated for 12 h at
110 °C. After centrifugation, the product was washed by water and
vacuum dried at 50 C. So the aminated SiO; (SiO,—NH;) was ob-
tained. 0.5 g SiO,—NH> and 0.1 g SDS were added to 50 mL 6.0 mg/
mL GO dispersion. The excess moisture of the dispersion was
removed by rotary evaporation and final 3% (wt) dispersion was
obtained. 0.5 g PVA-1788 was dissolved to 17 mL water at 90 °C.
Then the 3% dispersion was slowly added to the dissolved PVA-1788
to obtain uniform slurry. After freeze drying, SiO,@GOAG was
obtained.

2.6. Preparation of ssSDNA-AuNPs

AuNPs was prepared by the reduction of chloroauric acid.
3.65 x 10~ mol chloroauric acid was diluted to 100 mL water and
the solution was heated until bubbled slightly. 3.0 mL 1% (wt) of
sodium citrate was added to the boiling chloroauric acid and
reacted until the color of solution changed to burgundy. Then the
reaction mixture was stirred to room temperature to obtain AuNPs
sol and stored at 4 °C for use.

100 pL AuNPs sol was added to 10 mL 4.0 x 10~8 moL/L of ssDNA
and shaken for 12 h to mix. Then, the mixture was incubated for
12 hat 25 °C. After that, the mixture was centrifuged at 10000 r/
min by a desktop high-speed centrifuge (TG16-WS, Hunan Xiangyi
Centrifuge Instrument Co., Ltd.) to remove the excess ssDNA. The
product was transferred to a 10 mL centrifuge tube and stored at
4°C for later use.

2.7. Preparation and properties study of IGA3/Si0,@GOAG

IGA3/Si0,@GOAG was prepared by modifying IGA3 on the sur-
face of SiO,@GOAG through the non-covalent interaction such as 7-
m stacking effect and hydrogen bonding between IGA3 and
Si0,@GOAG, as mentioned in literatures [52—54]. The saturated
immobilization capacity was measured by the following proced-
ures. IGA3 with different concentrations (3.0 x 1072, 3.5 x 1079,
40x107°%45x107°50x107%53x107%55x 1079, 5.8 x 1070
and 6.0 x 102 moL/L) were added to 25 mL colorimetric tubes pre-
placed with 0.01 g SiO,@GOAG. These tubes were shaken for 1 h by
a constant temperature oscillator at 25 °C. SiO,@GOAG appeared as
a visible rod-like structure (Fig. S1), so it could be separated from
the solution by tweezers. After separation, the CL intensity of so-
lution in these tubes was detected by the CL analyzer. The saturated
immobilization capacity was calculated by the mutation point of CL
signal and the formula was as follows:

_CexV
Q=1 (1)
of which Q. (mol/g) was the saturated immobilization capacity of
per unit mass of SiO,@GOAG to IGA3; ce (mol/L) was the concen-
tration of IGA3 at the CL signal mutation point; V (L) was the vol-
ume of IGA3 and m (g) was the addition mass of SiO,@GOAG.

2.8. Preparation and properties study of sSDNA-AuNPs/IGA3/
Si0,@GOAG

The multi-functioned ssDNA-AuNPs/IGA3/Si0O,@GOAG was
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prepared by connecting ssDNA-AuNPs on the surface of IGA3/
SiO,@GOAG through the base complementary pairing effect of
ssDNA and IGA3. Similar to the saturated immobilization capacity
of Si0,@GOAG to IGA3, the effective combination capacity of IGA3/
SiO,@GOAG to ssDNA-AuNPs was measured by the following pro-
cedures. Different concentrations of ssDNA-AuNPs (1.6 x 1072,
18x1079% 20x107% 30x10° 40x10° 50x107°
525x 1077, 55x 1077, 5.75x 1072 and 6.0 x 10~ moL/L) were
added to 25 mL colorimetric tubes pre-placed with 0.01 g IGA3/
Si0,@GOAG. These tubes were shaken for 1h by a constant tem-
perature oscillator at 25 °C. After separation by tweezers, the CL
intensity of solution in these tubes was detected by the CL analyzer.
The saturated immobilization capacity was calculated by the mu-
tation point of CL signal and the formula was as follows:

!
_CexV
==

Q

(2)

of which Q¢’ (mol/g) was the saturated combination capacity of per

unit mass of IGA3/SiO,@GOAG to ssDNA-AuNPs; c.’ (mol/L) was the
concentration of ssSDNA-AuNPs at the CL signal mutation point; V'
(L) was the volume of ssDNA-AuNPs and m' (g) was the addition
mass of IGA3/SiO,@GOAG.

The synthesis of ssDNA-AuNPs/IGA3/Si0O,@GOAG was shown in
Fig. 1(A).

2.9. Samples detection procedures

The detection procedures of insulin are as followed and shown
in Fig. 1(B). When insulin is absence, the CL intensity (I1) is low and
equivalent to the CL intensity (Ip) of blank control group (PBS
buffer). When insulin is presence, insulin and IGA3 are recognized
and bound together to form INS/IGA3/Si0,@GOAG, making ssDNA-
AuNPs release from the surface of IGA3/SiO,@GOAG. The released
ssDNA-AuNPs catalyzes the reaction of luminol-H,0; and a signif-
icantly enhanced CL signal (I3) is obtained. The final Al = I, — Iy is
used to quantitative detection of insulin.
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Fig. 1. The preparation of ssDNA-AuNPs/IGA3/SiO,@GOAG (A) and the construction principles of the CL biosensor for insulin detection (B).
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3. Results and discussion
3.1. Characterizations

The SEM characterizations of GO, SiO, and SiO,@GOAG were
showed in Fig. 2. 5.00 KV of acceleration voltage was used for SEM
characterization. The sample preparation for SEM test was shown
as follows. Firstly, the carbon double-sided conductive adhesive
(8 mm, NEM) was bonded to the sample holder. Then, the powder
sample was evenly sprinkled on the holder and the non-stick
powder was blown off by a rubber suction bulb. Finally, a
conductive film was coated on the sample for observation. GO
exhibited a layered structure with more wrinkles on its surface in
Fig. 2(A), which provided a larger specific surface area for the
immobilization of IGA3. In Fig. 2(B), SiO, appeared a relatively
regular spherical. Fig. 2(C and D) showed the SiO, microspheres
were successfully coated on the aerogel.

Subsequently, FTIR characterizations of GO, SiO,, SiO,—NH, and
Si0,@GOAG were carried out. In Fig. 3(A), the peaks at 1380 and
1055 cm™! were the deformation vibration peak of —OH and the
stretching vibration peak of C—O, respectively, and these charac-
teristic peaks indicated that GO with different oxygen-containing
functional groups was successfully synthesized. For SiO,, the ab-
sorption peak at 950 cm~! was attributed to the stretching vibra-
tion of Si—O and the peak at 805 cm™~! was due to the stretching
vibration of Si—0—Si, and these peaks showed the successful syn-
thesis of SiO,. For SiO,—NH,, a characteristic peak of —NH;
appeared at 3040 cm™ . For Si0,@GOAG, these characteristic peaks
of GO and SiO; appeared, which further indicated the successful

synthesis of SiO,@GOAG.

The XRD characterization curves of GO, SiO; and SiO,@GOAG
were shown in Fig. 3(B). The peak around 11.5° was the charac-
teristic peak of GO [55]. The broad and wide characteristic peak
around 25.0° was attributed to the characteristic peak of SiO; [56].
The above-mentioned characteristic peaks were all appeared in the
curve of Si0O,@GOAG and indicated that SiO,@GOAG was success-
fully prepared. The BET characterization of SiO,@GOAG was also
obtained and the results were shown in Fig. 3(C and D). The specific
surface area of Si0,@GOAG was 292.31 m?/g and the distribution of
pore size was around 4.63 nm. It illustrated SiO,@GOAG had a large
specific surface area and a dense pore-like distribution.

The characterizations of sSDNA-AuNPs were performed to sup-
port its successful preparation. The TEM characterizations were
shown in Fig. 4(A and B). The particle size of AuNPs was around
8 nm. AuNPs had obvious aggregation while ssDNA-AuNPs had the
relatively uniform dispersion. The FL and UV curves of AuNPs were
seen in Fig. 4(C).

The FL absorption peak at 415nm was the characteristic of
AuNPs when the excitation wavelength is 362 nm and the UV ab-
sorption peak at 530 nm was the characteristic of AuNPs, which
clarified AuNPs was successfully synthesized. Fig. 4(D) was the UV
curves of ssDNA, AuNPs and ssDNA-AulNPs to illustrate the suc-
cessful synthesis of ssSDNA-AuNPs. The peaks at 260 nm and 530 nm
were characteristic absorption peaks of ssDNA and AuNPs,
respectively. The characteristic peak at 260 nm of ssDNA-AuNPs
exhibited a slight red shift, which might due to the formation of
the Au—S bond [57].

Fig. 2. The SEM images of GO (A), SiO, (B) and SiO,@GOAG (C, D).



Y. Sun et al. / Analytica Chimica Acta 1089 (2019) 152—164

Transmittance

Si0,-NH,

Si0,@GOAG

1380

21N

805

3440

3000 2400 1800 1200 600
Wavenumber (cm™)

3600

o

(=)

>
1

120+

£y
=}
1

0

Quantity Adsorbed (cm3/g)

»
man
e

C )

BET Surface Area:
292.31 m’/g

—

0.0

Fig. 3. The FTIR curves of GO, SiO,, SiO,—NH; and SiO,@GOAG (A); the XRD curves of GO, SiO, and SiO,@GOAG (B); the BET characterizations of SiO,@GOAG (C, D).

0.2 0.4 0.6 0.8 1.0
Relative Pressure (P/P )

Insensity

SiO,@GOAG

10 20 30 {0 50 60 70
20 ()
0.05-
ik D
i
0.044 1|\
\
1
0034 N\
= N
0.02 T —
0.01- 4.63 nm
0 30 60 90 120

Pore Diameter (nm)

Insensity @)

530

N

Fig. 4. The TEM images of AuNPs (A) and ssDNA-AuNPs (C); the UV and FL curves of AuNPs (B); the UV curves of AuNPs, ssDNA and ssDNA-AuNPs (D).

300 360 420 480 540 600

Wavelength (nm)

Insensi

50 nm
—1UVv —— ssDNA-AuNPs
St —FL — AuNPs
—ssDNA

200 300

400 500 600 700 800
Wavelength (nm)

157



158

Y. Sun et al. / Analytica Chimica Acta 1089 (2019) 152—164

B

—+— Luminol+Hz202 . Luminol+H202
4000 —_ :‘uminoll+l}liz(())z+KMn04 4000 Luminol+H202+AuNPs
Luminol+H202+HRP Luminol+H202+ssDNA-AuNPs
—+— Luminol+H202+ssDNA-AuNPs {\
3000 3000+ \
.a P\
g I
)
‘S 20001 2000 /
= [
~ f
O 1000+ 1000- I
f
0+ 0 V\
30 40 50 60 70 80 3I0 4'0 5l0 6'0 7'0 8I0
t(s) £(s)
C o o o o
lilH Oxidation ﬁl Oxidation d_ | o: N hy
NH N ON o
NH, O NH, O NH, O NH, O
D H,0,
OH"
o /H HO,”
Ay CI) —_— -
N
L (o]
“N
o |
HN o NH,
NH }'
| o NH,
NH
NH, O
o
0 0; *
N o o
—»[H E—— o + N _— o + hy
o NH, NH, O NH, O

Fig. 5. Different CL intensity of luminol-H,0, with different catalysts, conditions: 5.0 x 10~ moL/L luminol, 0.10 moL/L H,0,, 5.0 x 10~% moL/L KMnO,, 1.0 x 108 moL/L HRP and
2.5 x 107 ¥ moL/L ssDNA-AuNPs (A); different CL intensity in the presence of no catalyst, AuNPs and ssSDNA-AuNPs, conditions: 5.0 x 107> moL/L luminol, 0.10 moL/L H,0,,
2.5 x 10~¥ moL/L AuNPs and 2.5 x 10~ moL/L ssDNA-AuNPs (B); generally accepted schematic diagram of luminol luminescence (C); the schematic diagram of ssDNA-AuNPs

catalyzing luminol-H,0, (D).

3.2. Construction principles and catalytic mechanism study

Construction principles of the proposed CL biosensor were
illustrated as follows and showed in Fig. 1(B). When insulin is
present in a sample, the insulin will bind to the IGA3, which will
result in the release of ssDNA-AuNPs. After that, INS@IGA3/
Si0,@GOAG is easily separated by a tweezer and released ssDNA-
AuNPs can catalyze the CL reaction of luminol-H,0, and realize

the quantitative detection of insulin.

The ability of ssDNA-AuNPs catalyzing luminol-H,0, was also
researched. As shown in Fig. 5(A), the CL curves of different cata-
lysts to catalyze luminol-H,0, were researched and these catalysts
contained KMnOy4 (5.0 x 10~® moL/L), horseradish peroxidase (HRP,
1.0 x 108 moL/L) and ssDNA-AuNPs (2.5 x 10~8 moL/L). The CL
intensity of ssSDNA-AuNPs was significantly stronger than that of
higher concentrations of KMnO4 and HRP. For example, the CL
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Fig. 6. The saturated immobilization amount curves (A) and equilibrium time curves (B) of SiO,@GOAG to IGA3; combination amount curve (C) and equilibrium time (D) of IGA3/

Si0,@GOAG to ssDNA-AuNPs (Error bar of all graphs: n=6).

intensity of ssDNA-AuNPs was 1.25 times that of HRP at a concen-
tration higher than 2.5 times.

At the same time, the feasibility of the CL biosensor was studied.
As shown in Fig. 5(B), although the catalytic ability of ssDNA-AuNPs
to Luminol-H,0, was somewhat attenuated, the CL intensity cata-
lyzed by ssDNA-AuNPs was still strong, which was consistent with
previously reported articles [35,37,58]. Single-stranded DNA could
attenuate the aggregation of AuNPs and aggregated AuNPs showed
a stronger ability than dispersed AuNPs to catalyze the reaction of
Luminlo-H;05.

It is generally known that luminol can be oxidized to produce
luminescence. As shown in Fig. 5(C), the luminol molecule pro-
duces an unstable luminol intermediate after multiple oxidations.
Intermediates release energy and emit luminescence when they
return to the ground state. The possible mechanisms of ssDNA-
AuNPs catalyzing luminol-H,0, were shown in Fig. 5(D). Under
alkaline conditions, luminol and H,O, generate negative ions, and
the intermediate (sSDNA-AuNPs -~ H,0,) is generated. The forma-
tion of luminol at transition state is promoted in the presence of the
above two negative ions and promotes the CL reaction. The possible
catalytic mechanisms of ssDNA-AuNPs catalyzing luminol-H,0;
described above were consistent with the reported literature
[35,59].

3.3. Immobilization properties

The immobilization properties of SiO,@GOAG to IGA3 were
researched, including the saturated immobilization amount
(immobilization isotherms) and immobilization equilibrium time
(immobilization kinetics). To illustrate the better immobilization
abilities of SiO,@GOAG, the immobilization properties of GO and
Fe;04@Si0,@GO were also researched at the same experimental

conditions. Fe304@Si0O,@GO was prepared by our previous work
[60]. Fig. 6(A) was the saturated immobilization amount curves of
different materials to IGA3. It showed that IGA3 with different
concentrations caused different changes of CL signal intensity. For
Si0,@GOAG, the CL intensity suddenly increased when the con-
centration of IGA3 reached to 5.3 x 10~? moL/L and the saturated
immobilization amount was calculated as 2.75 x 10~® molL/g ac-
cording to formula (1). Similarly, the immobilized saturation
amounts of GO and Fe304@SiO,@GO to IGA3 were calculated as
1.25 x 10~ 8 moL/g and 1.75 x 108 moL/g, respectively. Compared
with these results, Si0O,@GOAG exhibited a significantly enhanced
immobilization amount. Fig. 6(B) was the equilibrium time curves
of GO, Fe304@Si0,@GO and SiO2@GOAG to IGA3. Si0O,@GOAG could
easily reach its saturated immobilization amount within 15 min,
compared to 30 min of GO and 20 min of Fe304@Si0,@GO. By
comparison of these data, SiO,@GOAG exhibited better immobili-
zation kinetics, which attributed to the non-covalent interaction of
7-7 stacking effect and hydrogen bond between IGA3 and
Si0,@GOAG.

3.4. Combination properties

The combination properties of IGA3/SiO,@GOAG to ssDNA-
AuNPs were researched, including the saturated combination
amount and equilibrium time. Fig. 6(C) was the saturated combi-
nation amount curve of IGA3/Si0O,@GOAG to ssDNA-AuNPs. The CL
intensity suddenly increased when the concentration of ssDNA-
AuNPs reached to 5.0 x 107 moL/L and the saturated combina-
tion amount of IGA3 was calculated as 2.50 x 10~8 moL/g according
to formula (2). Fig. 6(D) showed the combination equilibrium time
of IGA3/Si0,@GOAG to ssDNA-AuNPs. The maximum combination
amount could be easily reached within 15 min. These superior



160 Y. Sun et al. / Analytica Chimica Acta 1089 (2019) 152—164

300

A —a— vice pump

—e— main pump

270+
~
<1240

2104

180 T T T T T T
20 25 35 40 45

30
Speed (r/min)

240

C /‘\
< 180 /I

150 1

¥

120 T
0.05

010 0.5 020 025
€ 1.0, (mol/L)

480

E [

440
~
< 400+

360

320 . y :
6
pH

200

B

180- /I\!

5160 T
140
1201 : ; : :
0 20 40 60 80
€L uming (10 MoOl/L)
420
D ;
390 \I
I~
< 360
330 /
[ \
i
3001 — : : : : .
0.00 0.5 010 0.5 020 025
Con(mol/L)
400
375+
~
< 350
3251
300-1— ; : ; ; ;
0.00 005 0.0 0.15 020 025
o (mol/L)

Fig. 7. Optimizations of pumps speed, conditions: 5.0 x 10> moL/L luminol, 0.10 moL/L H,0,, 0.10 moL/L NaOH and 2.5 x 10~ moL/L ssDNA-AuNPs (A); the concentration of
luminol, conditions: 30 r/min main speed, 35 r/min vice speed, 0.10 moL/L H,05, 0.10 moL/L NaOH and 2.5 x 10~'° moL/L ssDNA-AuNPs (B), the concentration of H,0,, conditions: 30
r/min main speed, 35 r/min vice speed, 2.5 x 10~° moL/L luminol, 0.10 moL/L NaOH and 2.5 x 10~ ' moL/L ssDNA-AuNPs (C), the concentration of NaOH, conditions: 30 r/min main
speed, 35 r/min vice speed, 2.5 x 10~ moL/L luminol, 0.15 moL/L H,0, and 2.5 x 10~' moL/L ssDNA-AuNPs (D); the pH of solution, conditions: 30 r/min main speed, 35 r/min vice
speed, 2.5 x 10> moL/L luminol, 0.15 moL/L H,05, 0.10 moL/L NaOH and 2.5 x 10~ ° moL/L ssDNA-AuNPs (E); the ionic strength of solution, conditions: 30 r/min main speed, 35 r/
min vice speed, 2.5 x 107> moL/L luminol, 0.15 moL/L H,0,, 0.10 moL/L NaOH and 2.5 x 10~'° moL/L ssDNA-AuNPs (F) of the CL biosensor, (Error bar of all graphs: n = 6).

properties were attributed to base pairing interactions between
IGA3 of IGA3/Si0,@GOAG and ssDNA of ssDNA-AuNPs.

3.5. Optimizations of the CL biosensor

To obtain the optimal CL intensity for insulin detection, the
factors could influence the CL intensity were optimized by single
variable experiments, including the pumps speed of the flow in-
jection device; the concentrations of luminol, H,0, and NaOH; and
the pH and ionic strength in solution. The optimized results were
shown in Fig. 7.

The peristaltic pumps speed was an important parameter
because it can influence the amount of reagents and the combi-
nation amount of IGA3/Si0O,@GOAG to ssDNA-AuNPs, so pumps

speed was researched. As shown in Figs. 7(A), 30 rpm of main pump
speed and 35 rpm of vice pump speed were selected as the optimal
pumps speed. The concentrations of luminol, H;O, and NaOH were
also optimized, showed in Fig. 7(B-D). Optimal concentrations were
obtained: 0.10 moL/L H05, 0.05 moL/L NaOH and 7.5 x 10> moL/L
luminol.

The effect of pH was also researched in the range of pH 3.0 to pH
9.0. As shown in Fig. 7(E), the CL intensity reached a maximum
when pH in solution was 7.4. When pH was lower or higher, the CL
intensity decreased. This trend could be related to the stability of
ssDNA-AuNPs/IGA3/SiO,@GOAG and its stability was optimal at pH
7.4. Therefore, PBS with pH 7.4 was used to prepare insulin-spiked
buffer and dilute insulin samples. The ionic strength could affect
the stability of nucleic acids and in turn affected the binding of
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Fig. 8. The CL curves in the presence of different concentrations of insulin (7.5 x 1072, 3.0 x 107", 5.0 x 10", 1.0 x 107'°, 45 x 107'°, 22 x 10~°, 3.2 x 107°, 4.0 x 10~° and
5.0 x 10"°moL/L) (A); the linear relationship curve of the proposed CL biosensor (B); the relatively CL intensity after incubation with different substances, conditions:
2.0 x 10~ moL/L insulin (INS), 2.0 x 10~° moL/L adrenaline (Adr), 2.0 x 10~° moL/L thrombin (THR), 4.5 x 10~° moL/L bovine serum albumin (BSA), 4.5 x 10~° moL/L cystine (Cys),
4.5 x 10~ moL/L homocysteine (Hcy), 2.0 x 10~ moL/L Fe3*, 2.0 x 10~7 moL/L Ca?*, 2.0 x 10~” moL/L CO3~ and 2.0 x 107 moL/L SOF (C); the stability study of sample containing
ssDNA-AuNPs/IGA3/Si0,@GOAG placed in different days (D) (Error bar of all graphs: n=6).

Table 1
Comparisons with some reported methods.

Method Linear range (mol/L) Detection limit (mol/L)
Our work? 75x10712-50x107° 1.6 x 10712
Electrochemical impedance biosensor [9] 1.0x10°-1.0x10°° 2.7x10°10
Flow injection amperometric [10] 50x1071°-15%x 1078 1.1x10°1°
Electrochemiluminescence biosensor [11] 1.7x107%-52x10° 52x10°"°
FL sensor based on aptamer composite [12] " 43%x107°-21x1077 2.74x107°
Label-free sensor based on SERS [14] 1.0x107'°-50x 1078 35x 10~
Photoelectrochemical immunosensor [15] 1.7x10712-34x107° 34x10713
LC-MS/MS assay [61] * 18x107'"-19%x10° 1.8x 10"
Quartz crystal microbalance [62] 14x1072-1.7x107° 2.7x10°13
Electrochemical sensor [63] © 20x107%-1.0x107° 50x107°
Electrochemical aptamer-based sensor [64] 1.0x10°%-20x 1077 1.0x10°8

¢ Human recombinant insulin.
b Insulin from bovine pancreas.
¢ Porcine insulin.

Table 2
Recoveries for insulin detection in insulin injection.

Sample C added (1071 moL/L) Cound (10719 moL/L, n = 6) RSD (%) Recovery (%)
1 1.0 0.98 1.84 98.0

2 3.0 3.01 226 100.3

3 5.0 497 1.93 99.4

4 8.0 7.96 1.63 99.5

5 10.0 10.06 2.82 100.6

aptamers to targets, so the effect of ionic strength was researched
and NaCl with different concentrations was added to PBS. Fig. 7(F)
showed the CL intensity slightly changed with the concentration of
NaCl, and it was because the ionic strength in the detection system

with a large amount of sodium ions, phosphate ions, hydroxide
ions, etc. and the single-stranded nucleotide chain had good sta-
bility. The intermediate concentration (0.15 moL/L) was selected as
the optimal ionic strength.
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Table 3
Validation experiments of the proposed CL biosensor.

Sample Cadded (10719 moL/L) Cround (10719 moL/L, n = 6) RSD (%) Recovery (%)
1 3.00 2.95 1.68 98.3

2 5.00 5.04 2.74 100.8

3 8.00 7.98 1.66 99.7

1 3.00 3.04 2.15 101.3

2 5.00 493 1.62 98.6

3’ 8.00 8.07 223 100.8

1, 2, 3 samples were detected by our proposed method and insulin injection was detected after 50 times of dilution; 1°, 2", 3’samples were detected by HPLC and insulin

injection was detected after 100 times of dilution.

3.6. Analytical performances of the CL biosensor

Under optimal conditions, analytical performances of the pro-
posed CL biosensor were researched. Fig. 8(A) was the CL spectrum
curves under different concentrations of insulin and a test is
completed in only 55 s when the sample has been introduced to the
sensor. It showed that the CL intensity gradually increased with the
concentration of insulin. Fig. 8(B) showed a good linear correlation
between CL intensity (Al) and the concentration of insulin (cyns) in
therange of 7.5 x 10~ ?t05.0 x 10~ moL/L. The regression equation
was Al = 214.36 + 2.14 cns (cins: 10 moL/L, R = 0.9956) and the
detection limit was 1.6 x 10~ moL/L(S/N = 3) for insulin detection.

The proposed CL biosensor to detect insulin was also contrasted
with some reported methods, shown in Table 1. By comparison, our
proposed CL biosensor showed a relatively wide linear range and
low detection limit for insulin detection. The lower detection limit
can be attributed to the excellent catalytic performance of sSDNA-
AuNPs. Though some of mentioned methods had higher sensi-
tivity and wider linear ranges than our method, the proposed
biosensor showed more advantages as follows: the samples and the
synthetic composite were oscillated and mixed directly without
complicated pretreatment; the test solution entering the detection
cell was more easily separated with tweezers than with static or
magnetic separation; and automatically injection was easily ach-
ieved by a flow injection device. Therefore, the proposed biosensor
provided a convenient method for insulin detection. However, the
proposed detection method is not yet portable. The defect can be
compensated by combining microfluidics, paper chips, etc., and we
will make efforts in the follow-up work.

3.7. Specificity, stability and reproducibility of the CL biosensor

Interference experiments were carried out to measure the
selectivity of proposed CL biosensor. Interfering substances
included several general biological molecules such as adrenaline
(Adr), bovine serum albumin (BSA), thrombin (THR), L-cystine (Cys)
and homocysteine (Hcy), and some common ions such as Fe>™,
Ca®*, CO3~ and SO7~. As shown in Fig. 8(C), the insulin sample
showed a high CL intensity while the CL intensity of different in-
terferences were comparable to the control group (Blank). These
results demonstrated that the proposed CL biosensor had a high
selectivity for insulin detection, which was attributed to the high
biorecognition and binding abilities between the aptamers and
targets. A nonspecific aptamer (N-Apt) was introduced as a control
group to verify the excellent selectivity of the biosensor. The CL
intensity of N-Apt was lower than that of IGA3 and comparable to
that of the control group that without IGA3 and N-Apt (Fig. S2). The
results were because N-Apt could not bind to the target molecule
(insulin molecule) and ssDNA-AuNPs was not released, so the CL
intensity was weak.

To evaluate the stability of the biosensor, the sample tubes were
stored at 4 °C for 1 week. The CL intensity at different storage time

was determined, shown in Fig. 8(D). The results showed that the CL
intensity remained at about 90.9% of the original intensity after 1
week, which verified good stability of the biosensor. The repeat-
ability of the CL biosensor was also studied by determining the CL
response of 11 insulin samples with the same concentration
(5.0 x 10" moL/L). The relative standard deviation (RSD) was
about 1.28%, which indicated the acceptable repeatability of the
proposed biosensor.

3.8. Applications of the CL biosensor

Under the optimal conditions, the proposed biosensor was used
for insulin detection in insulin injection. The insulin injection was
diluted 100 times with PBS in advance. The above diluted 0.5 mL in-
sulin injection and a certain amount of standard insulin (1.0 x 107°,
30x107% 50x1071% 80x 107! and 1.0x 109 moL/L) were
added to sample tubes for recovery experiments. As shown in Table 2,
the spiked recoveries were of 98.0%—100.6% and RSD was less than
2.82%, which indicated the good accuracy and precision for insulin
detection. These satisfactory results demonstrated that the proposed
CL biosensor had a good potential application in the detection of in-
sulin in insulin injections.

Validation experiments were carried out to further confirm the
accuracy of the proposed method. Under optimized conditions,
parallel insulin injection samples were tested by our developed
method and generally accepted HPLC method, and these results
were shown in Table 3. Obviously, these results showed the pro-
posed method were consistent with that of HPLC. The recoveries of
our method were in the range of 98.3%—100.8% while that of HPLC
method were of 98.6%—101.3%. These results further verified the
good application prospects of the CL biosensor.

4. Conclusions

In summary, the multi-functionalized ssDNA-AuNPs/IGA3/
Si0,@GOAG was successfully prepared and used for the construc-
tion of CL biosensor for insulin detection. IGA3 was a biorecognition
element and improved the selectivity of the CL biosensor. ssDNA-
AuNPs was a catalyst for luminol-H,0, and improved the sensi-
tivity of the CL biosensor. Under the optimal conditions, the CL
biosensor for insulin detection showed a wide linear concentration
range of 7.5 x 10712 t0 5.0 x 1072 moL/L and low detection limit of
1.6 x 10712 moL/L (S/N = 3). Finally it was successfully used for in-
sulin detection in insulin injection samples and the recoveries were
in range of 98.0%—103.3%. So the proposed CL biosensor could be
further used in the product prosecution of insulin injections.
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