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An Aptasensor Based on AuNPs/PANI/TNTs Nanocomposite for
Electrochemical Detection of Tobramycin

NONG Yong-ling',QIAO Ni-na', LIANG Ying"*
(1. School of Chemistry and Chemical Engineering, GuangDong Pharmaceutical University, Guangzhou, 510006,
China; 2. Guangdong Cosmetics Engineering & Technology Research Center, Guangzhou, 510006, China)

Abstract: A novel well-constructed electrochemical aptamer-based sensor for the detection of tobramycin was presented, using
differential pulse voltammetry (DPV) as a detection technique and methylene blue (MB) as an electrochemical indicator. A glassy
carbon electrode modified with a nanocomposite of Au nanoparticles/polyaniline/titania nanotubes (AuNPs/PANI/TNTs) was con-
structed as the electrode scaffold. The nanocomposite was characterized by transmission electron microscopy and X-ray photoelec-
tron spectroscopy in detail. The results of cyclic voltammetry and electrochemical impedance measurements demonstrated that the
AuNPs/PANI/TNTSs nanocomposites can improve greatly the electron transfer on the interface. For the detection of tobramycin, the
DPYV results showed a linear relationship between the current response and the concentration of tobramycin, and a wide range of de-

tection from 0.5 wmol-L" to 70 wmol-L". The presented aptamer-based biosensor exhibited excellent sensitivity and reproducibili-

ty, which would have a potential application in bioanalysis and clinical diagnostics.
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Tobramycin, as an aminoglycoside antibiotic,
provides bactericidal activity against various types of
bacterial infections, particularly Pseudomonas!. Dur-
ing the process of disease treatment, tobramycin has
exhibited bad side effects, such as ototoxicity and
nephrotoxicity. Suitable dosing of the drug is critical
to obtain high drug efficiency and low side effects.
Therefore, it is vital to monitor the serum levels of
tobramycin during therapy. However, the detection
of tobramycin with high sensitivity is difficult due to
its poor chromophore effects and poor stability. In
addition, the narrow therapeutic range (4.3 ~ 25.7
pmol L") in serum make tobramycin more compli-
cated to be monitored™. Therefore, the development
of reliable and high sensitive methods for the detec-
tion of tobramycin is challenging.

Several methods, such as microbiological assays,
immunoassays, high performance liquid chromatogra-
phy (HPLC), and capillary electrophoresis (CE), have
been developed for the analysis of tobramycin in
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complex biological matrices™. However, these meth-
ods have limitations more or less. For example, micro-
biological assays are time consuming, non-specific,
and show poor sensitivity”. Among the various meth-
ods developed thus far, electrochemical biosensors
have attracted tremendous focuses and efforts be-
cause of their simplicity, high sensitivity and stability,
and on-site analysis'®”. Aptamer-based electrochemi-
cal biosensors have been studied for the detection
of tobramycin!"*", Zhang and co-workers fabricated
SnO,@TiO,@mC nanocomposites as the scaffold
materials for the electrochemical aptasensor. They
confirmed the tobramycin detection by EIS method,
and showed high sensitivity and a broad detection
range of tobramycin.

Aptamer with single-stranded DNA or RNA
oligonucleotides has been extensively selected for
binding to specific target molecules due to its unique
structure, such as a hairpin structure. For the ap-

tamer-based biosensors, probe packing density on the
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electrode surface and the redox tag employed has
great impact on the sensitivity and the observed affin-
ity. Here an aptamer of 27-mer RNA sequence "'
was used as the recognition element. Methylene blue
(MB) was chosen as a redox tag because it interca-
lates with RNAM"* and possesses good redox proper-
ties. Tobramycin is easily encapsulated within the ap-
tamer loop and capped by the looped-out base, so the
aptamer prefers to bind with tobramycin molecules
rather than with MB. When tobramycin is introduced,
the strong interaction between tobramycin and the
aptamer makes MB being released from the aptamer
surface, resulting in a reduced signal from the ad-
sorbed MB.

The electrode materials as a scaffold have great
influence on the efficiency of electrochemical biosen-
sors. Generally speaking, possessing higher bioaffini-
ty and better electronic conductivities would provide
higher electrochemical activity. AuNPs with unique
properties of large specific surface area, essential non-
toxicity, excellent biocompatibility, and good conduc-
tivity, are often chosen as electrode materials!*'>22,
Moreover, AuNPs could tightly bind to the modified
SH aptamer based on gold-thiol chemistry and the
functionalized AuNPs with aptamers have also been
used for the amplified optical detection of proteins in
the sandwich configuration®. TiO, nanotubes (TNTSs)
can be used as an excellent support for the loading of
metal nanoparticles to enhance the catalytic efficien-
cy!?. Polyaniline (PANI) is a conductive polymer
with an acid/base doping response, which makes it at-
tractive in the field of biosensor. In this study, the
composites of AuNPs deposited on TNTs decorated
with PANI (AuNPs/PANI/TNTs) were prepared as the
immobilization interface.

Combining the benefits of good biocompatibility
of AuNPs and TiO, nanotubes wiht the excellent con-
ductivity of PANIL, we successfully prepared an ap-
tamer-based sensor, supported with a AuNPs/PANI/
TNTs nanocomposite, using MB as the electrochemi-
cal signal for the detection of tobramycin. The archi-
tecture of the composite allowed for efficient electron

transfer via the immobilized aptamer and high sensi-

tivity. The results indicated that the amperometric re-
sponse has a good linear relation with the concentra-

tion of tobramycin.
1 Experimental

1.1 Chemicals

The oligonucleotide RNA aptamer, with a 5'-SH
modification, was purchased from Sangon Biotech
Co., Ltd. (Shanghai, China); the base sequence of the
aptamer was as follows: 5'-SH-(GGCACGAGGUU-
UAGCUACACUCGUGCC-3")!",

The TiO, nanoparticles (P25) were purchased
from Tianjin Chemical Reagent Co., Ltd. China. To-
bramycin, bovine serum albumin (BSA), ammonium
persulfate (APS, 98%), aniline hydrochloride, gold
(IIT) chloride trihydrate (HAuCl,-3H,0), trisodium cit-
rate, sodium borohydride (NaBH,), MB, K;Fe(CN)y,
K Fe(CN)s-3H,0 and all other reagents (obtained from
Sinopharm or Aladdin) were used without further pu-
rification. The ultrapure water (18 M{)-cm) prepared
by purification was used. Phosphate buffer solutions
(PBS) were prepared with NaH,PO, and Na,HPO.,.
1.2 Preparation of the AuNPs/PANI/TNTs

Composites

TNTs were fabricated using an established hy-
drothermal reaction method®, Briefly, a mixture of
0.6 g P25 and 120 mL of 10 mol -L* NaOH was re-
acted in a Teflon-lined autoclave at a temperature of
120 °C for 48 h. The obtained white coarse products
were treated with a solution of 0.1 mol -L"' aqueous
HCI and distilled water, then the sample was washed,
centrifuged, dried and stored in vacuum oven for use.

The synthesis of the composites of PANI/TNTs
was as follows: a solution of 8.57 mL aniline hy-
drochloride (0.1 mol-L") and 10 mL of HCI (0.1
mol - L") was prepared; then, 0.2660 g TNTs was dis-
persed into the above mixture under magnetic stirring
for 30 min in an ice water bath. Subsequently, 8.57
mL APS solution (0.1 mol-L") was added drop-wise
to the suspension and stirred for over S hat 0 ~ 5 °C.
The obtained sample was washed with water several
times, and dried and ground to get a fine powder.

18 mg PANI/TNTSs was dispersed in 18 mL water.
1 mL HAuCl, (0.01 mol-L") and 1 mL of0.01 mol-L"
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sodium citrate were added into the uniform suspen-
sion with continuous stirring. Afterward, 1 mL
NaBH, solution (0.1 mol-L", 0 °C ~ 4 °C) was added
to the suspension with stirring vigorously. The ob-
tained product was washed and dried, and designated
as AuNPs/PANI/TNTSs composite.

1.3 Fabrication of the Aptasensor

The electrochemical electrode was prepared as
follows: briefly, 5 mg of the AuNPs/PANI/TNTs
composite was dispersed in 1 mL of 0.2% chitosan
solution and ultrasonicated to obtain a uniform mix-
ture. Then, 5 wL of this mixture was deposited on the
previously polished surface of glassy carbon (GC)
electrode and dried at an ambient temperature. The
prepared electrode was designated as AuNPs/PANI/
TNTs/GC.

Subsequently, 20 wL of 130 wmol - L' aptamer
was deposited on the surface of the AuNPs/PANI/
TNTs/GC electrode and incubated for 12 h at ambi-
ent temperature. After the aptamer layer had been
formed, the prepared electrode (designated as Apt/
AuNPs/PANI/TNTs/GC) was rinsed carefully with
0.1 mol-L"' PBS solution (pH 7.0) to remove the ex-
cess and non-specifically adsorbed RNA. Then, 10
rL 1% BSA solution was deposited on the surface of
the electrode and retained for 30 min to reduce
non-specific binding. Subsequently, the electrode was
immersed in 20 wmol-L"' MB of PBS solution for 15
min. The fabricated electrode (designated as MB/Apt/
AuNPs/PANI/TNTs/GC) was washed by rinsing with
water and PBS successively several times. At last, the
electrode was immersed into solutions of tobramycin
for 40 min for electrochemical analysis.

1.4 Characterizations of Nanomaterials

The morphologies of the nanomaterials were ex-
amined by transmissi on electron microscope (TEM,
Hitachi, H-7650). X-ray photoelectron spectroscopic
(XPS) analysis was conducted using an ESCALAB
250 (Thermo Scientific, USA). Cyclic voltammetry
(CV), differential pulse voltammetry (DPV), and ele-
ctrochemical impedance spectroscopic (EIS) measure-
ments were performed using a CHI660E Electro-

chemical Workstation (Shanghai CHI Instrument Co.,

China) in conjunction with a conventional three-elec-
trode system. A GC electrode modified with different
samples acted as the working electrode, the platinum
sheet electrode as the auxiliary electrode, and Ag/Ag-
Cl electrode as the reference electrode. EIS was con-
ducted in 0.1 mol -L" KCI solution containing 5
mmol - L' K;[Fe(CN)]/K4[Fe(CN)] (1:1) at a modu-
lation voltage of 5 mV with the frequency ranging
from 0.1 Hz to 100 kHz. The faradaic impedance
spectra were fitted using the Zview modeling program
(Version 3.1). All electrochemical measurements were
carried out in a nitrogen-saturated enviroment at room
temperature. The electrochemical signals of DPV

were measured in PBS with an amplitude of 25 mV.
2 Results and Discussion
2.1 Principle of the Tobramycin Detection

The detection principle of the electrochemical
aptasensor for tobramycin is illustrated in Scheme 1.
Initially, the surface of the GC electrode was modi-
fied with a homogeneous film of AuNPs/PANI/TNTs
nanocomposite, which would increase the electro-
chemical active area. The 5'-SH-modified aptamer
was site-specifically attached to the AuNPs by the
gold-thiol chemical bonds. Then, MB was intercalat-
ed into the aptamer interacted with G-C bond or gua-
nine bases!™, which produced a clear DPV signal de-
noted as “a” in Scheme 1. But the DPV signal of MB
decreased (denoted as “b” in Scheme 1), when to-
bramycin was introduced. Tobramycin bound to the
RNA major groove centered about a stem-loop junc-
tion site!'™. Because the interaction of aptamer with
tobramycin overwhelmed that of MB, so some of MB
discharged off from the surface of the aptamer. The
similar formation of the aptamer-target complex on
the modified electrode surface could also be found by
Zhang et al. ¥ and Khezrian et al™,

2.2 Characterizations of the Electrode Ma-
terials

The morphologies of the TNTs and AuNPs/PANI/
TNTs nanocomposite were characterized by TEM
(Fig. 1). The TEM image of TNTs showed tubular

morphology, with a mean diameter of approximately
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Scheme.l Schematic diagram of the principle for the aptasensor

10 nm (Fig. 1A), indicating that TNTs were success-
fully synthesized™*"\. From Fig. 1B, it can be seen
that AuNPs dispersed uniformly on the surface of the
PANI/TNTSs composite. The AuNPs have an average
size of 4 nm by counting 100 particles.

XPS measurements were carried out to disclose
the electronic state of different elements. The signals
of Ti2p, Ols, Cls, N1s, Audd, and Au4f were detected,
which arose from AuNPs/PANI/TNTs composite (Fig.
2A) B3 The peaks at 458.8 and 464.5 eV were as-
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signed to Ti2ps, and Ti2p,p, respectively (Fig. 2B)F4.
The Ols spectrum located at 530.5 and 532.2 eV
(Fig. 2C) was attributed to the Ti-OH groups and the
lattice oxygen [Ti-Og], respectively®*. The N1s spec-
trum exhibited a peak at 399.2 eV, which was ascribed
to the benzenoid amine (-NH-) in PANI. The XPS
spectrum of Au4f was separated to two peaks centered
at 83.68 eV and 87.47 eV (Fig. 2E), assigned to the
metallic state of Aul®, suggesting that Au®" was re-
duced successfully to form AuNPs.

Fig. 1 TEM images of (A) TNTs and (B) AuNPs/PANI/TNTs
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Fig. 2 XPS survey spectra (A), and high-resolution XPS spectra of (B) Ti2p, (C) Ols, (D) N1s and (E) Au4f of AuNPs/PANI/

TNTSs composite

Fig. 3 represents electrochemical characteriza-
tion of electrode materials. To investigate the interac-
tion of tobramycin and aptamer, the Apt/AuNPs/PANI/
TNTs/GC electrode, immersed in 5 wmol - L' to-
bramycin (denoted as 5 pmol - L' TBR/Apt/AuNPs/
PANI/TNTs/GC), was also prepared for comparison.
Fig. 3A shows the CVs of 5.0 mmol - L' [Fe(CN)]*/*
in 0.1 mol-L" KCI solution. A pair of redox peaks for

[Fe(CN)e]*/* on all the electrodes occurred (Fig. 3A).
On the GC electrode, a AEp of 0.179 V was obtained.
After implementing the modification of AuNPs/PANI/
TNTs nanocomposite, the current response increased
significantly and AEp decreased to 0.137 V; this
demonstrated that the incorporation of this nanocom-
posite provided a greater electron transfer compared
with that of GC electrodes. After the aptamer was
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modified on the AuNPs/PANI/TNTs/GC, the peak
current of [Fe(CN)s]*/* decreased. It is possible that
the electrode surface bound with the aptamer would
block the efficiency of electron transfer because of
the aptamer’s repulsion with the anionic [Fe(CN)g]*/*.
Expectedly, the peak current decreased largely with
the incubation with 5 pmol -L"' to bramycin for 40
min (Fig. 3A), which implied that tobramycin had
been immobilized to the electrode successfully.

The interface properties of different electrodes
were investigated by electrochemical impedance
spectroscopy (EIS). Fig. 3B demonstrates the impe-
dance spectra obtained using the GC, AuNPs/PANI/
TNTs/GC, Apt/AuNPs/PANI/TNTs/GC, and the 5
pmol - L' TBR/Apt/AuNPs/PANI/TNTs/GC electro-
ctrodes in 0.1 mol -L* KCI solution containing 5
mmol - L' [Fe(CN)]*/*. A semicircle portion at high-
er frequencies and a linear part at lower frequencies
were observed, which corresponded to the electron
transfer-limited process and diffusion process, re-
spectively. A modified Randle’s equivalent circuit
was used to fit the EIS data and the results are shown
in the inset (C) of Fig. 3B. Here, R, represents the
electrolyte resistance, CPE is the constant phase elec-
ment, R, is the charge-transfer resistance, and Z,, is
the Warburg impedance. Generally, the value of R
can be used to characterize the electrode properties.
The values of R, for different electrodes achieved by

fitting the experimental data are shown in Tab. 1. The

[A —GC
400 _ AUNPS/PANITNT/GC
— ApUAUNPS/PANITNT/GC
300 ¢ 5 umolL TBR/ApUAUNPS/PANITNT/GC
200
<
2100
—
0 L
-100
=200+

-0.6 -04 -02 00 02 04 06 08
E/V(vs. Ag/lAgCl)

Tab. 1 Values of equivalent circuit elements R, for
different electrodes, the numbers in parentheses refer to
the RSD for each value (n = 3).

Electrode R/
GC 1354 (1.2)
AuNPs/PANI/TNT/GC 23.6 (5.9)
Apt/AuNPs/PANI/TNT/GC 158.6 (1.5)
5 pmol- L' TBR/Apt/AuNPs/PANI/TNT/GC ~ 395.6 (0.5)

R value of the AuNPs/PANI/TNTs/GC electrode de-
creased considerably from 135.4 ) to 23.6 () as com-
pared with that of the bare GC electrode. This indi-
cated that the modified electrode had a higher elec-
tron transfer ability, which might be attributed to the
larger electrochemical surface area and good electri-
cal conductivity after modifying with the nanocom-
posite. When the aptamer was immobilized on
AuNPs/PANI/TNTs/GC, the R, value increased to
158.6 (), indicating that Apt blocked the transfer of
electrons.
The 5 pmol - L' TBR/Apt/AuNPs/PANI/TNTs/
GC electrode exhibited an increase in R up to 395.6
), suggesting that the strong interaction of TBR and
Apt was achieved. The results of EIS were consistent
with those of the CVs (Fig. 3A), which also demon-
strated that the sensing interface was successfully
constructed.
CVs of the MB/Apt/AuNPs/PANI/TNTs/GC

—GC
4501B AuNPS/PANITNT/GC
400 F — ApVAUNPs/PANITNT/GC
5 pmol-L" TBR/ApUAUNPS/ PANITNT/GC
350

0 A \ \ y i s
0 200 400 600 800 1000 1200 1400
ZIQ

Fig. 3 (A) CVs and (B) Nyquist plots of 5.0 mmol - L' [Fe(CN)s]*/* in 0.1 mol-L"' KCI on bare GC, AuNPs/PANI/TNTs/GC,
Apt/AuNPs/PANI/TNTs/GC and 5 pmol- L' TBR/Apt/AuNPs PANI/TNTs/GC electrodes (scan rate: 0.1 V-s™; frequency

range: 0.1 ~ 10 kHz)
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electrode at different scan rates are shown in Fig. S1
(supplementary materials). As expected, the peak
currents of the redox system were proportional to the
scan rates in the range of 10 to 100 mV -s" (the inset
(A) in Fig. Sl), indicating that surface-controlled
electrochemical process was a rate determining step.
The factors that affected the condition of the sensor,
such as concentration of the aptamer, pH value of the
solution, and reaction time, were investigated in de-
tail (Fig. S2). The results show that 130 wmol-L" was
the optimal concentration of the aptamer, pH 7.0 was
the best, and 40 min was the optimal incubation time.
Additionally, the reusability of the electrode system
was examined and the result is shown in Fig S3.
There was a 3.2% decrease of peak current for the
100th repetitive time, indicating that the redox sys-
tem of MB and voltammetric behavior of the nano-

materials were stable.

-0.3 0.2
E/V(vs. Ag/AgCl)

2.3 Characterizations of the Aptasensor

A quantitative analysis of sensitive target
molecules at different concentrations of tobramycin
was conducted. Fig. 4 shows the electrochemical re-
sponses of the MB/Apt/AuNPs/PANI/TNTs/GC elec-
trode after incubation with different concentrations of
tobramycin for 40 min. The lower concentration
range from 0.5 to 4.0 wmol -L" and the higher con-
centration range from 5 to 70 wmol - L' are shown in
Fig. 4A and Fig. 4B, respectively. As the concentra-
tion of tobramycin increased, the signals of the MB
peak current decreased. The decrease in DPV signal
of MB may be attributed to two reasons. Because the
interaction of aptamer with tobramycin overwhelmed
that of MB, so some of MB discharged off from the
surface of the aptamer after the modified electrode
incubated with tobramycin. On the other hand, from
Fig. 3 and Tab. 1, it can be inferred that the strong in-

0.3 02
E/V(vs. Ag/AgCl)

0.9
0.8+
0.7

L 06}
205f
<04l

0.3 /
02}

R =0.9994
0.1

1 =0.0074x + 0.3295

y=0.0779x + 0.0199

R =0.9993

0 10 20 30 40 50 60 70 80
c f’(pmol-L'l)

I'BR

Fig. 4 DPVs of MB/Apt/AuNPs/PANI/TNTs/GC electrode after incubation for 40 min with different concentrations of tobramycin
(from upper to down): 0.0, 0.5, 1.0, 2.0, 3.0 and 4.0 wmol-L" (A), 0, 5, 10, 20, 30, 40, 50, 60 and 70 pmol-L" (B). (C) is

the plot of current response vs. tobramycin concentration.
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Tab. 2 Performance of different aptamer-based tobramycin biosensors

Detection linear

Detection limit /

Analytical method range/(pmol - L) (umol-LY) Ref.
Square wave voltammetry 02~42 - Schoukroun-Barnes [10]
Impedimetric 3~72.1 - Gonzilez Ferndandez [11]
Surface plasmon resonance 0~80 0.3 Giulia Cappi [12]
Surface plasmon resonance 0.004 ~0.16 0.0038 Santos [13]
Differential pulse voltammetry 0.5~70 0.326 This work

teraction between TBR and aptamer hindered the
electron transfer rate, and resulted in the signal de-
crease of MB. Maybe it is the synergetic effect of the
two factors. By analyzing the peak currents of MB
and the concentrations of tobramycin, a linear rela-
tionship was obtained. For the lower concentration
range (0.5 ~ 4.0 wmol-L"), a linear equation was con-
structed as: AI(wA) = 0.0779 ¢(umol-L") + 0.0199,
R*=0.9994 (Fig. 4C), where Al means the difference
of the current intensity in DPV of MB/Apt/AuNPs/
PANI/TNTs/GC electrode and that of TBR/MB/Apt/
AuNPs/PANI/TNTs/GC electrode, ¢ means the con-
centration of tobramycin. For the higher concentration
range (5 ~ 70 wmol- L"), the equation of AI(pA)=
0.0074 c¢(pmol-L*) +0.3295, R*=0.9993 (Fig. 4C) was
built. A detection limit of 0.326 wmol -L' was
achieved (based on S/N=3). The phenomenon of hav-
ing two linear equations for different concentration
ranges may be explained as follows: At lower con-
centrations, tobramycin interacted easily with the ac-
tive sites of the aptamer. With an increase in the con-
centration of tobramycin, some active sites of the ap-
tamer were occupied and so the sensitivity decreased,
resulting in a smaller slope. Several studies had re-
ported this phenomenon for other biosensors ! 31,
Tab. 2 lists the performance of different aptasensors
reported in other literatures. Compared with other
studies, the aptasensor proposed here had excellent
sensitivity and a relatively wide dynamic range for
the detection of tobramycin.

The reproducibility of the proposed aptasensor
is important for its application, and six MB/Apt/

AuNPs/PANI/TNTs/GC electrodes were fabricated
one by one and conducted for DPV analysis. A satis-
factory relative standard deviation (RSD) of 5.5% was
achieved. Additionally, the MB/Apt/AuNPs/PANI/
TNTs/GC electrode was examined for six times. The
RSD of the aptasensor responses was 3.9%. These re-
sults indicated that the electrochemical aptasensor

described here had good reproducibility.
3 Conclusions

We have developed a simple electrochemical
aptasensor for the detection of tobramycin with the
AuNPs/PANI/TNTs nanocomposite as an electrode
material. TEM results indicate that AuNPs with the
average size of 4 nm dispersed uniformly on the sur-
face of PANI/TNTs. Electrochemical characterization
results showed that the AuNPs/PANI/TNTSs nanocom-
posite resulted in the decreased R, value and facilitat-
ed the electron transfer. The results of DPV showed
that the current of MB decreased linearly with the in-
crease of the tobramycin concentration in the range of
0.5 to 70.0 wmol -L"'; the estimated detection limit
for tobramycin was 0.326 wmol -L". The linear rela-
tionship between the current and the tobramycin con-
centration was well established. The proposed ap-
tasensor provides a convenient, specific, and sensitive
method for the detection of tobramycin, and can be
potentially applied in bioanalysis and clinical diag-
nostics.
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