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An enzyme-free FRET nanoprobe for ultrasensitive
ketamine detection based on ATP-fueled target
recyclingt

Hong Chen,f Yun Zou,{ Xue Jiang, Fangqgi Cao and Wenbin Liu®*

Ketamine is a commonly abused drug due to its stimulant, dissociative and hallucinogenic effects. An
overdose of ketamine has been found to cause a variety of side effects. Therefore, the identification and
quantification of ketamine are of significant importance for clinical purposes and drug seizing. However,
conventional methods for ketamine detection possess some disadvantages such as sophisticated
procedures, expensive instruments and low sensitivity. Herein, we develop a novel fluorescent
nanoprobe for ultrasensitive ketamine detection with signal amplification based on Adenosine
Triphosphate (ATP)-fueled target recycling and FRET (fluorescence resonance energy transfer) occurring
between the FAM (Fluorescein, tagged with Y-shape DNA) and AuNPs. Based on the combination of
FRET and signals circle amplification, the gold nanospheres functionalized with Y-motif DNA (Y@AUNPs)
nanoprobe was utilized for effective ketamine detection with the limit of detection (LOD) down to 3 pg
mL™%, which was lower than previously reported. Furthermore, the high sensitivity of Y@QAUNPs facilitated
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Introduction

Ketamine, (£)-2-(2-chlorophenyl)-2-(methylamino)
cyclohexanone, which is a phencyclidine analogue mainly
used as an anesthetic drug that stimulates N-methyl-p-aspartate
(NMDA) receptors on neuronal cells.? It induces loss of
consciousness, amnesia, immobility, pain relief and sedation
while the cardiopulmonary functions and the protective airway
reflexes remain unchanged.*** Furthermore, ketamine is
a commonly abused drug among teenagers at nightclubs and
recreational parties due to its stimulant, dissociative and
hallucinogenic effects.>*” An overdose of ketamine has been
found to cause a variety of side effects such as dysfunctions of
the nervous, urinary and cardiovascular systems.*® Therefore,
the identification and quantification of ketamine in biological
fluids and pharmaceutical samples are of significant impor-
tance for clinical purposes and drug seizing.

To date, various techniques such as high performance liquid
chromatography (HPLC),'”"* gas chromatography-mass spec-
trometry (GC-MS),">** liquid chromatography-mass spectrom-
etry (LC-MS)"“™*® and enzyme-linked immunosorbent assay
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quantitative analysis in biological media and practical samples.

(ELISA)'"*® have been proposed for the determination of ket-
amine. Although most of these methods possess some advan-
tages in practical application, they require sophisticated
procedures and expensive instruments. Recently, a novel chip
paper based electrochemical sensor was designed for the
detection of ketamine.'*?® However, the limit of detection was
not satisfactory for the demand of biosample analysis.**">

As a low-cost and accurate analytical technique, fluorescence
detection based on fluorescence resonance energy transfer
(FRET)**?*¢ is promising for biosensor analysis. In addition, it
can facilitate the enhancements of signals, which contributes to
higher sensitivity. However, seldom work engineering FRET and
enzyme-free amplification® is designed and employed for
ketamine detection.

Herein, we developed a novel fluorescent nanoprobe with
signal amplification for ketamine detection. The stimuli-
responsive Y-shaped DNA termed as Y-motif*® was first
designed for amplifying the signal, in which ATP was utilized as
endogenous fuel for signal amplification through strand
displacement (Scheme 1). Then, the FAM (Fluorescein,
C,0H;,05)-tagged Y-motif was immobilized onto the surface of
the synthesized gold nanospheres (AuNPs) by Au-S to construct
the Y@AuNPs nanoprobes. Meanwhile the fluorescence reso-
nance energy transfer (FRET) occurred from the excited FAM to
AuNPs, which resulted in the fluorescence quenching of FAM.
With the addition of ketamine and duplex strands-DNA
(dsDNA), Ya dissociated from Y-motif to hybridize with
ssDNA, and the aptamer of ketamine (K-Apt) released from
dsDNA to combine with ketamine, resulting that the
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fluorescence of FAM recovered. Then, in the presence of suffi-
cient ATP, Ya changed from chain-based structure to harpin-
based structure owing to the interaction between the tail of Ya
and ATP. At this time, after the combination of FRET and
signals circle amplification, the Y@AuNPs nanoprobe was
utilized for effective ketamine detection with the limit of
detection (LOD) down to 3 pg mL ', which was lower than
previously reported. Furthermore, the high sensitivity of
Y@AuNPs facilitated the quantitative analysis in the biological
medium and practical samples.

Experimental
Apparatus

UV-Vis absorption spectra were recorded on a UV spectropho-
tometer (Cary 60, Agilent). Fluorescence spectrum was recorded
on a fluorescence spectrophotometer (F-7000, Hitachi).
Morphology of AuNPs was characterized using a high-resolution
transmission electron microscope (HRTEM) (JEM-2100 Hitachi,

Japan).

Chemicals and materials

Ketamine, methadone, cocaine and methamphetamine were
obtained from Shanghai Research Institute of Criminal Science
and Technology. Other chemicals used in this study, namely,
ascorbic acid (Merck), bovine serum albumin (BSA) (Sigma-
Aldrich), and sodium hydroxide (NaOH) (Merck) trisodium
citrate and phosphate-buffered saline (PBS) (Sigma-Aldrich,
Israel), chloroauric acid (HAuCl,-4H,0) were provided by
Shanghai Chemical Reagent Company (Shanghai, China).
Human blood serums (=99%) were purchased from Solarbio
Science & Technology Co., Ltd. (Beijing, China). All of DNA were
synthesized by Sangon Biotech Co. Ltd. (Shanghai, China) with
standard desalting and used without further purification. Tris-
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Scheme 1 Scheme illustration of fluorescence detection mechanism
and signal cycle amplification process.
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HCI (20 mM, pH = 7.6) containing 146.0 mM NacCl, 5.0 mM KCl,
5.0 mM MgCl, was used in the DNA hybridization. The ultra-
pure water with a resistivity of 18.2 MQ cm ™" used in this work
was prepared using a Milli-Q system (Hitachi, Japan). All the
oligonucleotide sequences were listed in Table S1 of the ESL.T
The aptamer of ketamine (K-Apt, ESI, Table S1}) was selected in
our previous work using FluMag-SELEX and it could bind ket-
amine with high and specific abilities.**

Preparation of 13 nm gold nanospheres (AuNPs)

We used citrate stabilized gold nanoparticle synthesis method.
Specifically speaking: 7 mL of 1% trisodium citrate (C¢H,Nas-
Og, M.W. 276.08) was added into a boiling solution of HAuCl,
(200 mL, 0.01%) under stirring. When the color of solution
changes from light yellow to deep red, stop heating and
continue stirring for 20 minutes. The size of AuNPs was verified
by UV-Vis spectrum and TEM imaging. The synthesis AuNPs
were stored at 4 °C for further use.

Preparation of Y-motif modified AuNPs

In order to build ketamine drived signal cycle amplification
system, the prepared 13 nm AuNPs were firstly functionalized
with Y-motif. Typically, stoichiometric amounts of strands Ya,
Yb, and Yc were mixed in Tris-HCI buffer (20 mM, pH = 7.6);
the mixture was incubated at 95 °C for 5 min, and then
sequentially cooled down to 65 °C, 60 °C, 55 °C, 50 °C, and 45 °C
(each step for 5 min), 10 uL of the mixture (Y-motif) were added
into 100 pL of 10 nM AuNPs. Thereafter, 12.2 pL of citrate-HCI
(20 mM, pH = 3) buffer was rapidly added into the mixture.
After incubation for 30 min, the solution was centrifuged
(10 000 rpm, 15 min) for three times to remove the unmodified
Y-motif; the precipitate was washed for three times with Tris-
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Fig. 1 (a) Transmission electron microscopy (TEM) image. (b) Ultra-
violet-Vis (UV-Vis) absorption spectra of AuNPs and Y-motif immo-
bilized AuNPs (Y@AUNPs). (c) Principle of fluorescence resonance
energy transfer (FRET). The red and blue lines are attributed to UV-Vis
absorption spectra of AUNPs and fluorescence emission spectra of Y-
motif. (d) Feasibility of fluorescence detection with Y@AuUNPs probe.
Fluorescence spectra of Y-motif (black line), Y@AuNPs (red line) and
Y@AuUNPs with the addition of ATP and ketamine (blue line).
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Fig. 2 (a) The fluorescence spectra of different concentrations of
ketamine with YQAUNPs in the presence of 10 mM ATP. (b) The cali-
bration curve corresponding to (a), in which the linear equation was y
= 30.26x — 10.61.

HCI (20 mM, pH = 7.6) and finally dispersed in 200 pL Tris-HCI
(20 mM, pH = 7.6). The concentration of the AuNPs was
determined by measuring their absorbance at 520 nm.

Quantitative analysis of ketamine

In order to test the sensitivity of our method, 3 pL of 100 pM
ssDNA was firstly mixed with 3 pL of 100 pM ketamine aptamer
and added 24 pL Tris-HCI (20 nM, pH = 7.6). The mixed solu-
tion was incubated at 95 °C for 10 min and then cooled to room
temperature. The above mixture was added into 100 pL of 30 nM
Y@AuNPs, followed by adding 50 pL of ketamine at different
concentrations (200, 150, 130, 110, 90, 70, 50, 30, 10, 5 pg mL ™).
To achieve the signal amplification, ATP (10 mM) was added
and incubated at 37 °C for 1.5 h in Tris-HCI (20 mM, pH = 7.6).
Finally, the mixture was measured under fluorescence spectro-
photometer at Aex/Aem = 492/520 nm.

Selectivity of the proposed probe for ketamine detection

To investigate the selectivity of the proposed nanoprobe for
ketamine detection, the effect of a variety of non-specificity
drugs, including 200 pg mL™" of methamphetamine (METH),
cocaine and methadone were checked under the optimum
conditions. The ketamine with the concentration of 100 pg
mL~" was selected as the control group. The changes of relative
fluorescence intensities of reaction solution were detected by
fluorescence spectroscopy.

Analysis of ketamine in blood samples

In order to investigate the possibility of the newly proposed
nanoprobe to be applied for practical samples analysis, blood
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serum was taken as an example in this work. First of all, 2.0 mL
of methanol was added to 2.0 mL of blood sample to separate
the proteins. After shaking, the mixture was centrifuged for
10 min at 3500 rpm, and then the supernatant was diluted with
2.0 mL of PBS (10 mM, pH = 7.4) and spiked with standard
ketamine solution.

Results and discussion
Preparation and characteristics of Y@AuNPs nanoprobe

As a starting point of this work, AuNP were prepared by
a hydrothermal procedure. As shown in Fig. 1a and S1 in the
ESLt the transmission electron microscopic (TEM) image
shows that AuNPs are highly uniform and the average particle
size is estimated to be 13 £ 2 nm based on the statistics of 100
nanoparticles. The ultraviolet-Vis (UV-Vis) absorption spectrum
(black line) in Fig. 1b illustrates that AuNPs display intense
absorption with a peak centered at 520 nm. The UV-Vis
absorption band of 520 nm of AuNPs red-shifted to 523 nm,
together with a new band at 260 nm generated, indicating the Y-
motif is successfully immobilized onto the surface of AuNPs to
form Y@AuNPs nanoprobe.

Principle of FRET detection for ketamine

Furthermore, the principle of FRET detection for ketamine was
investigated. As shown in Fig. 1c, due to small distance between
signal molecule (FAM) and AuNP and a spectral overlap between
the emission spectrum of FAM centered at 520 nm and
absorption spectrum of AuNP, the FRET occurred from FAM to
AuNP (Fig. S2t). As shown in Fig. 1d, peaks around 525 nm were
attributed to FAM. Fluorescence spectra shown in black and red
lines illustrated that the fluorescence of Y-motif was quenched
after the addition of AuNPs. However, in the simultaneous
presence of ketamine and ATP, Ya dissociated from Y-motif to
hybridize with ssDNA, and the aptamer of ketamine (K-Apt)
released from dsDNA to combine with ketamine, resulting
that the fluorescence of FAM recovered (blue line). Then, ATP as
endogenous fuel triggered the next round. In this manner, the
signal can be amplified, which was beneficial for detecting trace
ketamine. These results indicated the feasibility of Y@AuNPs
nanoprobe for fluorescence detection of ketamine.

Optimization of detection conditions

To evaluate the detection ability of Y@AuNPs nanoprobe for
ketamine, the concentration of ATP was first studied. Fig. S37

Table 1 Comparison of performance of different methods for detection of ketamine

Detection methods Sample Detection limit Reference
Elector-microchip Urine-plasma 50 ng mL " 25
LC/MS/MS Hair 20ng g " 26

UPLC Urine 0.1 ng mL ™" 18

GC-MS Urine 0.5-1.0 ng mL ™" 9
Fluorescence Blood 60 pg mL " 32

FRET and signal amplification Blood 3pgmL™’ This article
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revealed that the strand displacement kinetics was finely
controlled by varying the concentrations of ATP. The signals
were efficiently enhanced with the fueling ATP in the range
from 1 mM to 10 mM. In addition, upon the addition of ket-
amine (200 pg mL~") and excess ATP, fluorescence intensity of
FAM gradually increased with the prolong time, and remained
unchanged until 1.5 h (Fig. S47). Thus, the reaction time was
optimized to be 1.5 h. Then, the stability of Y@AuNPs under
various pH was demonstrated in Fig. S5.f The fluorescence
intensity of FAM was observed to retain stable in the pH range
of 3.0-11.0 in the presence of 120 pg mL ' ketamine. In
consideration of human physiological environment, pH 7.6 was
chosen as the optimal one in the following experimental
procedures.

Quantitative measurement of ketamine

Based on the above optimized conditions, the detection ability
of Y@AuNPs for ketamine was further investigated. As shown in
Fig. 2a, in the presence of 10 mM ATP, the fluorescence inten-
sity of FAM increased gradually with the increasing concentra-
tion of ketamine. Meanwhile, the fluorescence intensity
exhibited good linearity with the concentration of ketamine in
the range from 10 pg mL ™" to 150 pg mL " with the limit of
detection (LOD) of 3 pg mL " at 3¢. The LOD of the developed
Y@AuNPs for ketamine was compared with those of other
works reported previously, with the comparison results shown
in Table 1. In previous studies, the estimated detection limit of
ketamine in blood using novel fluorescence genosensor is 0.06
ng mL~". Accordingly, the developed fluorescent nanoprobe can
display better detection ability.

Selectivity analysis of Y@AuNPs for ketamine detection

Then, the specificity of this Y@AuNPs nanoprobe was further
evaluated by comparing the fluorescence signal response
measured for these four kinds of drugs, including target ket-
amine (100 pg mL™'), methadone, cocaine and methyl-
amphetamine (METH) at the same concentration of 200 pg
mL~". As shown in Fig. 3a and b, the relative fluorescence
intensities change of Y@AuNPs for the interfering substances
(methadone, cocaine and METH) were very small, while ket-
amine showed significant increase of fluorescence. These
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Fig. 3 (a) Evolution of the selectivity. The fluorescence spectra of the

ketamine detection system toward the four various drugs including
ketamine (100 pg mL™%), methadone, cocaine and methamphetamine
(METH) with the concentration of 200 pg mL™. (b) The corresponding
fluorescence bars chart for specificity detection.
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Table 2 Determination of ketamine in human blood samples (n = 5)

Detected Added Recovery
Sample (pg mL ™) (pg mL ™) (%) RSD (%)
Blood — Blank — —

11.8 10 118 4.5

31.8 30 106 3.7

48.5 50 97 4.8

93 100 93 3.3

135 150 90 2.6

results indicated that our designed probe exhibited a good
selectivity to discriminate ketamine and the other drugs.

Quantitative analysis of ketamine in simulated blood samples

The excellent detection ability of Y@AuNPs enabled it to be
a reliable approach for quantitative analysis in biological
medium. For practical application, the fluorescence sensor for
ketamine detection in blood samples was performed using the
standard addition method. The certain amounts of ketamine
were added to the prepared samples and the ketamine
concentration was measured by the proposed sensor. Five
measurements were performed at each concentration. The
experimental results were summarized in Table 2. As depicted,
the obtained recoveries were in the range of 95-110% with RSDs
less than 4.2%, which demonstrated the capability of the
proposed Y@AuUNPs for determination of ketamine in biological
samples.

Conclusions

In summary, we have successfully developed a novel Y@AuNPs
fluorescent nanoprobe composed of AuNP and Y-motif DNA
structure for ketamine detection by FRET effect. The sufficient
ATP in biological medium was termed as fuel, which can realize
the signal amplification for improving the sensitivity for ket-
amine detection in coordination with Y-motif. The LOD was
down to 3 pg mL ™", which was lower than previously reported.
In addition, the nanoprobe showed good selectivity towards
ketamine. Furthermore, the acceptable recoveries which ob-
tained from the practical sample analysis, revealed that the
performance of the developed nanoprobe was not affected
significantly by the matrix of the practical samples and the
proposed Y@AuNPs can be used for determination of ketamine
in blood samples.
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