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A B S T R A C T

Ketamine is one of the most widely abused drugs in the world and poses a serious threat to human health and
social stability; therefore, the ability to accurately monitor the substance in real-time is necessary. However,
several problems still exists towards this goal, such as the generally low concentration of the target molecules
disturbed in the complex samples that undergo analysis during criminal investigations. In this work, the sensitive
and selective detection of ketamine was accomplished by molecularly imprinted electrochemical sensor. The
molecularly imprinted membrane as a biomimetic recognition element was fabricated by the UV-induced
polymerization of methacrylic acid (MAA) and ethylene glycol dimethacrylate (EGDMA) on a metal-organic
framework/graphene nanocomposite (MOFs@G) modified screen-printed electrode. The screen printed elec-
trode (SPE) provided good adhesion for the formation of the imprinted membranes and increased the stability of
the sensor. The morphology and performance of the imprinted films were characterized in detail by scanning
electron microscopy (SEM), cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS), and dif-
ferential pulse voltammetry (DPV). The experimental results demonstrated that the imprinted sensor had ex-
cellent sensitivity, selectivity, and long-term stability. It offered a low detection limit (4.0× 10−11 mol L−1) and
had a dynamic range from 1.0×10−10 mol L−1 to 4.0× 10−5 mol L−1. Furthermore, the established method
was successfully applied for the determination of ketamine in urine and saliva samples.

1. Introduction

Ketamine (KT), the main constituent of “K Powder”, a well-known
anesthetic drug used in medical science that produces a wide range of
sedative effects (Favretto et al., 2013). Ketamine is normally odorless,
tasteless and colorless. It can be easily added to beverages without
being perceived by the victim, and results in stupor and sedation along
with amnesia (Yang et al., 2019; Shawish et al., 2014). Because of its
hallucinogenic and euphoric potential, the drug was abused in the
United States shortly after it began marketing in the 1970s; it became
popular among young users at dance and rave parties, and is one of the
recreational drugs known as “club drugs”. Ketamine addiction is a
common worldwide problem (Maddah et al., 2015; Leung et al., 2016).
Given the broad potential for abuse, the sensitive detection of ketamine
is essential for clinical diagnosis and law enforcement.

Gas chromatography-mass spectrometry (GC-MS) (Lian et al., 2012;

Moreno et al., 2015), liquid chromatography-mass spectrometry (LC-
MS) (Peng et al., 2019; Ramiole et al., 2017), capillary electrophoresis
(Porpiglia et al., 2016), and electrochemical methods (Chen et al.,
2013; Deiminiat and Rounaghi, 2018; Narang et al., 2017) are the
common analytical methods used for ketamine detection. While mass
spectrometry is universally used, the method is not portable and re-
quires several laborious sample preparation steps. Moreover, most of
these methods require sample manipulation, which makes them vul-
nerable to various interferences; in addition, they cannot be used for
colored and turbid solutions (Shawish et al., 2014, 2015). Electro-
chemical sensors have many advantages such as a high sensitivity, se-
lectivity, and real-time chemical analysis. Several reported electro-
chemical methods based on ion-selective electrodes (Shawish et al.,
2014; El-Naby, 2014), immune analysis (Chen et al., 2013), or mole-
cular imprinted technology (Deiminiat and Rounaghi, 2018) can be
considered as good alternatives because of their attractive
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characteristics mentioned above. However, the detection limit of ion-
selective electrodes needs to be further reduced (Shawish et al., 2014);
immunoassays have a high specificity and sensitivity, but they also have
some weakness, such as a dependence on animals, long preparation
time, high costs, and difficult storage.

Molecularly imprinted polymers (MIPs) are a kind of functional
material, and have attracted a significant amount of attention in recent
years. MIPs have unique advantages over natural biological receptors in
terms of their physical and chemical stability, ease of preparation, low
cost, and applicability in harsh environmental conditions. Moreover, an
important aspect of MIPs is their highly selective characteristics due to
its potential for selectively binding to target compounds (Ahmad et al.,
2019; Ayankojo et al., 2018). Molecularly imprinted electrochemical
sensors (MIECS) combine the specific recognition abilities of MIPs and
the high sensitivity of electrochemical detection. They can be easily
miniaturized and automated for operation at a low cost (Li et al., 2013;
Ahmad et al., 2019).

Urine samples continue to be widely used as a biological matrix for
the analysis of drugs because it is an easily-accessible bodily fluid that
provides metabolic information. Ketamine is mainly present in urine in
the form of protoplast (Theurillat et al., 2007). However, the compli-
cated composition of urine generally negatively effects the detection of
drugs in real human urine; therefore, MIPs were introduced to separate
and collect the constituent target molecules in human urine, for selec-
tive detection.

The sensor's sensitivity is an important factor for evaluating its va-
lidity. Here, graphene and metal-organic frameworks (MOFs) nano-
materials have been applied as substrates to improve the sensitivity of
MIECS. Graphene (G), is a two-dimensional single layer carbon material
that has shown potential in the field of sensor devices because of its
excellent properties, such as a large surface area, good chemical sta-
bility, and high electrical conductivity (Ghanei-Motlagh et al., 2016).
Research suggests that the use of graphene can effectively improve the
sensitivity of sensors (Bai et al., 2015; Taniselass et al., 2019). However,
the graphene has poor dispersion of in solvents, and is prone to ag-
gregate. Aim at this problem, MOFs with strong adsorption properties
was introduced. The dispersion of graphene can be significantly im-
proved in water by compounding with MOFs. MOFs, as crystalline
porous inorganic polymers, are usually formed by the coordination
polymerization of metal ions and certain organic linkers (Furukawa
et al., 2013; Liu et al., 2018). The inherent advantages of MOFs include
their high porosity and specific surface area, which result in an ex-
cellent adsorption capacity and mass transfer rate that makes them
superior to traditional MIP supports. These properties make MOFs an
ideal support material (Liu et al., 2018). The resulting MIPs have been
reported in MOF-based sensors such as in electrochemical sensors, op-
tical sensors, and also as a quartz crystal micro-balance sensor with
improved sensing selectivity (Bagheri et al., 2018; Guo et al., 2016).

In order to achieve rapid separation and determination of ketamine
in human urine, we developed a highly selective, sensitive, and stable
electrochemical sensor based on a graphene and MOF modified screen
printed electrode. High selectivity is obtained by molecular imprinting
and high sensitivity is achieved through the dual-signal amplification
effects of graphene and MOFs. The MOFs@G enhanced the surface area
of the imprinted membranes and increased the number of effective
binding cavities. Screen printed electrodes (SPE) are a kind of dis-
posable composite electrode that has a relative rough surface and does
not need any complex pretreatment (Chen et al., 2018). It provides
good adhesion for the formation of imprinted membranes. In particular,
SPE is affordable, user-friendly, affords easy integration, and is con-
venient for large-scale application compared to conventional metal
electrodes such as glassy carbon and gold electrodes. Consequently, this
sensor showed better results in terms of linearity, detection limits, and
selectivity to ketamine in complex biological samples.

2. Experimental

2.1. Apparatus and instruments

All electrochemical data were carried out with a CHI760E electro-
chemical workstation (Shanghai CH Instruments Co., China). The
electrochemical impedance spectroscopy (EIS) data was performed on
Autolab302N (Metrohm, Netherlands). SPE obtained from Suzhou
Mayor Triangle System Biological Cross Science Research Institute Co.,
Ltd. (Suzhou, China) was employed as the integrated electrode
(30×10×0.25mm). The surface morphology was observed on a
Hitachi S520 field emission scanning electron microscopy (Tokey,
Japan).

2.2. Reagents and chemicals

Ketamine hydrochloride, norketamine (NKT), methylenedioxy me-
thamphetamine (MDMA), methylamphetamine (MA) were obtained
from Kunming Medical University (Kunming, China). Acrylamide (AM),
methacrylic acid (MAA), 2-acetamidoacrylic acid (AAA) and 2-(allyl-
mercapto) nicotinic acid (ANA) were purchased from Sigma Aldrich
(USA). Ethylene glycol dimethacrylate (EGDMA) was purchased from
Suzhou Anli Chemical Factory (Jiangsu, China) and distilled under
vacuum to remove the stabilizers prior to use. Azobisisobutyronitrile
(AIBN) was purchased from Shanghai Reagent Factory (Shanghai,
China) and purified by recrystallization from ethanol before used.
Zirconium chloride (ZrCl4, 98.0%), 1,4-benzendicarboxylicacid (BDC,
analytical grade), N,N-dimethylformamide (DMF,> 99.8%), dopamine
(DA) and ascorbic acid (Vc) were supplied by Sinopharm Chemical
Reagent CO., Ltd., China. The reagents and solvents used without spe-
cial illustration were analytically pure grade and used without further
purification.

2.3. Synthesis of MOFs

The Zr-MOF was synthesized according to a reported method with
some modification (Cavka et al., 2008). ZrCl4 and BDC were dissolved
in DMF with a molar ratio of 1:1:500 under continuous stirring. Fol-
lowing this, the mixture was transferred to a 100mL Teflon-lined au-
toclave and heated at 120 °C for 48 h. After cooling to room tempera-
ture, the solid products were collected by centrifugation, washed with
methanol, and dried (24 h, 120 °C) under vacuum.

2.4. Preparation of the MOFs@G modified electrode

The SPE was rinsed with deionized water several times under ul-
trasonication. Then, it was immersed in a 0.05M H2SO4 solution and
scanned for several cycles using cyclic voltammetry from 0.50 V to
1.10 V at 100mV s−1 under stirring until a stable voltammogram was
observed.

Graphene (G) was prepared according to previously reported lit-
erature from our group (Bai et al., 2015). 1.0mg of the prepared MOFs
and 1.0 mg of G were dispersed in 2.0mL of ethanol and ultra-sonicated
for 1 h to obtain a homogenous suspension (1.0 mgmL−1). Following
this, 2.0 μL of the suspension was dropped onto the surface of a freshly
prepared screen printed electrode and dried under an infrared lamp to
finally obtain the modified MOFs@G/SPE.

2.5. Preparation of the KT-imprinted and non-imprinted membrane
modified electrode

The KT-imprinted membrane (MIM) and non-imprinted membrane
(NIM) were prepared via the UV-triggered polymerization method.
First, 0.0125mmol of ketamine was dissolved in 30 μL of methanol, and
then, 0.05mmol of MAA and 0.47mL of acetonitrile were added. After
ultrasonication for 5min and pre-polymerization for 30min, 0.5mmol
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of EGDMA and 0.04mmol of AIBN were added to the mixture to pre-
pare the polymerization solution. Next, 2.0 μL of the above solution was
dropped onto the surface of MOFs@G/SPE and the polymerization
process proceeded under UV exposure (380 nm) for 3 h. After that, the
electrode was first cooled in a refrigerator, and then immersed in 1:9
(v/v) of acetic acid/methanol for 10min to remove KT from the im-
printed membrane. A non-imprinted membrane modified sensor (NIM/
MOFs@G/SPE) was prepared under the same conditions in the absence
of KT. All the sensors are stored in the refrigerator when not in use.

2.6. Electroanalytical measurements

The concentration of KT could be determined indirectly using [Fe
(CN)6]3−/4− as the medium. Cyclic voltammetry (CV) between
−0.2–0.6 V at a scan rate of 100mVs−1 in a 0.1mol L−1 KCl solution
containing 5.0 mmol L−1 K3[Fe(CN)6] was applied for characterization
of the electrode surface after each step of the modification. The elec-
trochemical impedance spectroscopy (EIS) experiments were carried
out under potential of 0.2 V, amplitude of 10mV, and in the frequency
range of 0.1–105 Hz. The differential pulse voltammetry (DPV) was
recorded in the potential scan range from −0.2 to 0.6 V and with an
amplitude, pulse width, sampling width, pulse period, and quiet time of
0.05 V, 0.05 s, 0.0167 s, 0.1 s, and 10 s, respectively. After each ex-
perimental run, the sensor was washed by immersion in 1:9 (v/v) acetic
acid/methanol for 10min to remove any KT on the electrode surface.
The electrode could be reused after this cleaning procedure.

3. Results and discussion

3.1. Characterization of the MOFs@G and imprinted film

The surface morphology of the MOFs, graphene, and the ketamine
molecular imprinted film were characterized by scanning electron mi-
croscopy (SEM). The crystal structures of the Zr-MOFs were determined
by X-ray diffraction (XRD) analysis. As depicted in Fig. 1a, the Zr-MOFs
have a regular polyhedron structure and the diameter of the particles is
about 20–30 nm, which is in agreement with the reported literature
(Zhang et al., 2018). Fig. 1 (b) shows that the Zr-MOFs exhibit typical
XRD patterns. The characterization results show that the Zr-MOFs had
been successfully prepared.

Fig. 1 (c) shows an SEM image of the MOFs@G composite modified
on the SPE surface. It can be clearly seen that graphene exhibits a flake-
like shape with a wrinkled surface morphology, and many of the MOF
nanoparticles are coated on the graphene surface. It is obvious that the
MOFs@G-modified electrode has a three-dimensional structure. This
allows it to provide more surface area for the imprinted film, and more
effectively promote electron transfer between the target molecules and
the electrode. Meanwhile, graphene and MOFs exhibit the better dis-
perse ability after compounding. The ethanol solution of MOFs@G
composite is more homogeneous and stable than that of graphene under
the same concentration (Fig. 1S) due to the introduction of MOFs. As
shown in Fig. 1 (d), almost all the MOFs@G are decorated with MIPs
films and the surface is smooth and homogeneous after the UV-induced
polymerization. This indicates that the imprinted sites are generated in
the MOFs@G hybrids. After elution, the surface of the MIM/MOFs@G
becomes rough and porous, and displays a superior three-dimensional
structure (Fig. 1 (e)). Compared to the imprinted membrane, the non-
imprinted membrane is more compact after elution and only the su-
perfluous polymer was removed (Fig. 1 (f)).

3.2. Electrochemical characterization

To further confirm the electrochemical characteristics of the MIM/
MOFs@G/SPE sensor, cyclic voltammetry (CV), differential pulse vol-
tammetry (DPV) and alternating current impedance (EIS) were both
used in the 5.0mmol L−1 K3Fe(CN)6 solution containing 0.1 mol L−1

KCl. As can be seen from Fig. 2A, compared to the bare electrode (curve
a), the redox peak current of the nanocomposite modified electrode
increase remarkably (curve b); this proves that the MOFs@G nano-
composite has good electrical conductivity and a high surface-to-vo-
lume ratio. However, after the formation of the non-conducting im-
printed film on the surface of the MOFs@G modified electrode, the
ferricyanide redox peaks disappeare (curve c); subsequently, a pair of
redox peaks reappear after the removal of KT from the imprinted
membrane (curve d); the results show that the imprinted cavities pro-
duced after elution can promote the redox reaction of the [Fe(CN)6]3−/

4− ion pair on the sensor surface. On the contrary, redox peak currents
decrease from curve (d) to curve (curve e), the most probable reason is
that the cavities in imprinted membrane were occupied by imprinting
molecules KT after rebinding step, which hindered the electron transfer.
The DPV responses on different electrodes were also recorded (Fig. S2).
The result is consistent with the CVs, and further certifies that the
synthesis process of the electrodes.

Fig. 2B shows the typical EIS spectra of different modified elec-
trodes. The semicircle portion at higher frequencies in the EIS spectrum
corresponds to the electron transfer resistance (Rct). As expected, the
EIS behaviors of the electrodes are similar to the voltammetric re-
sponses. The Rct is almost zero, while the SPE (Rct= 486Ω) is modified
for the MOFs@G nano-composite. The largest Rct (9,895Ω), which is
obtained for MIM/MOFs@G/SPE, is significantly decrease after the
removal of the imprinted KT (Rct= 1102Ω); it then conversely enlarge
after the rebinding of KT (Rct= 1506Ω). The EIS results further de-
monstrates the successful construction of the imprinted sensor and its
binding ability.

3.3. Optimizing the constituents of the KT-imprinted membrane

3.3.1. Selection of functional monomer
The selectivity of the molecularly imprinted polymer is affected by

the interaction between the template and the functional monomer.
Therefore, we used UV spectrophotometry to investigate the interaction
between the template ketamine molecule and four functional mono-
mers (MAA, AM, ANA and AAA) in the polymerization period.

UV analysis shows that a clear ketamine absorption peak appears at
202 nm. The absorption peaks show a red shift together with a hyper-
chromicity effect on the addition of the different functional monomers
(Fig. 3). The observed phenomenon arises due to the effects of hydrogen
bonding on the first π-π* absorption band of the chromophore as a
proton donor. The strongest change is obtained by adding MAA, which
indicate that the interaction between KT and MAA is the strongest
compared to the interaction of KT with the other monomers. A possible
reason is that MAA is a typical H-bond donor and is also a functional
acidic monomer, while KT is a typical H-bond receptor and an alkaline
molecule. Hence, they can not only produce strong electrostatic inter-
actions, but also form stable H-bonds. Therefore, MAA was chosen as
the functional monomer for the polymerization.

3.3.2. Optimization of the molar ratio of the template, monomer, and the
cross-linking agent

The molar ratio of the template, monomer, and the cross-linking
agent would affect the quantity of the imprinted recognition sites in the
molecularly imprinted membranes, the film formation, and the elution
effects (Gam-Derouich et al., 2012); therefore, the DPV responses of the
imprinted film modified electrodes with different polymerization molar
ratios were investigated (Table 1S).

It could be seen that the electrode has maximum response sensitivity
to KT, when the molar ratio of KT, MAA, and EGDMA is 1:4:40. The
DPV response decrease when the ratio of the functional monomers is
above or below 4. This may be because an insufficient amount of
monomer results in a poor yield of imprinted sites, while a large
monomer excess can induce a high cross-linking degree and make the
recognition sites inaccessible. When the molar ratio of KT/EGDMA is
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1:20, it became difficult to form a stable imprinted polymer film on the
MOFs@G modified SPE by UV irradiation. Furthermore, excessive
cross-linking agent could lead to difficulty in removing template mo-
lecules from the imprinted film. In this work, the sensors were prepared
with an optimal KT:MAA:EDGMA molar ratio of 1:4:40.

3.3.3. Optimizing the elution conditions
For the formation of the ketamine molecule imprinted membrane,

the main binding force between the template and the functional
monomer was the H-bond: therefore, a mixture of methanol and acetic
acid (9:1, v/v) was selected as the optimal eluent to remove the tem-
plate from the imprinted membrane. Under these conditions, ketamine
could be removed from the imprinted membrane within 10min, and

the membrane maintained its integrity and stability.

3.4. Optimization of detection conditions

To evaluate the effect of the buffer solution, the response currents of
KT on the sensors were examined in the following solutions: (1)
0.2 mol L−1 PBS (pH 7.0) with 5.0 mmol L−1 K3Fe(CN)6, (2)
0.2 mol L−1 of NaAc-HAc (pH 5.2) with 5.0mmol L−1 K3Fe(CN)6, and
(3) 0.1 mol L−1 KCl with 5.0 mmol L−1 K3Fe(CN)6 (pH 6.0). A high and
stable response was obtained in 0.1 mol L−1 KCl. Meanwhile, the effects
of the pH range from 4.0 to 9.0 on the sensor responses using
0.1 mol L−1 KCl (adjusting the pH with 0.1 mol L−1 HCl or NaOH) were
investigated. The experimental result indicated that pH below 5.0 or

Fig. 1. SEM (a) and XRD (b) of MOFs, and SEM photographs of MOFs@G/SPE (c), KT-MIM/MOFs@G/SPE before (d) and after (e) template removal, NIM/MOFs@G/
SPE after leaching process (f).

Fig. 2. (A) Cyclic voltammograms and (B) electrochemical impedance spectroscopy recorded in 5.0 mmol L−1 K3Fe(CN)6 and 0.1 mol L−1 KCl for (a) bare SPE, (b)
MOFs@G/SPE, (c) KT-MIM/MOFs@G/SPE before template removal, (d) KT-MIM/MOFs@G/SPE after template removal, (e) KT-MIM/MOFs@G/SPE after rebinding.
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above 7.0 was unfavourable to test. On one hand, strong acidity may
interferes with hydrogen bonding between template KT and imprinted
sites in the membrane. On the other hand, strong alkalinity causes the
hydrolysis of probe K3Fe(CN)6 into Fe(OH)3 precipitation. Therefore,
0.1 mol L−1 KCl with 5.0mmol L−1 K3Fe(CN)6 (pH 6.0) were chosen as
buffer solutions.

The incubation time is one of the most important factors that in-
fluence the response of the sensor to the targets. The DPV responses at
different incubation times were measured using the electrode immersed
in 5.0 mmol L−1 K3Fe(CN)6 solutions containing 0.1mol L−1 KCl and
5.0 μmol L−1 KT. As shown in Fig. S3, the peak current achieves its
minimum value at an incubation time of 5min, which suggests that the
adsorption equilibrium could be obtained within 5min and that the
prepared sensor possesses fast rebinding dynamics.

3.5. Calibration curve

The DPV responses and the calibration curve for the electrochemical
determination of KT using the proposed KT-MIM/MOFs@G/SPE under
optimal experimental conditions were investigated. It can be seen from
Fig. 4 that the peak currents decrease with the increasing KT con-
centration. The inset in Fig. 4 shows that the change in current (Δi) has
a good linear correlation with the logarithm of the KT concentration.
The linear regression equation of the calibration curve was obtained as

Δi = 13.494 + 2.6274 log (c, μmol L−1) (R2= 0.9963) in the KT
concentration dynamic range over 1.0×10−10 – 4.0×10−5 mol L−1.
Here, Δi= i0− ic, where i0 and ic are the currents for KT concentrations
of 0 and c μmol L−1, respectively. The detection limit (LOD) was cal-
culated to be 4.0× 10−11 mol L−1 according to 3Sb/m, where Sb is the
standard deviation of the blank measures and m is the slope of the
calibration curve. In comparison to the other techniques (Table 1), the
developed method shows a comparatively low detection limit, and a
satisfactory dynamic range. This may be attributed to the specific re-
cognition ability of MIM and concentrate template molecules KT on the
surface of MIM/MOFs@G/SPE.

3.6. Selectivity, repeatability, and stability of KT-MIM/MOFs@G/SPE

The selectivity of the electrode towards KT was investigated by
testing its DPV response to 5.0 μmol L−1 KT and with other possible
interferences in the samples, such as norketamine (NKT), methylene-
dioxymethamphetamine (MDMA), methylamphetamine (MA), dopa-
mine (DA), and ascorbic acid (Vc). From Fig. 5 it can be seen that the
current response of the sensor towards KT is larger than for the other
analytes. This indicates that there is a much greater amount of the
template molecules binding to the imprinted film than the other ana-
lytes. However, the sensor also shows a good response to NKT since its
molecular structure is similar to that of ketamine. Furthermore, the
current responses are higher on the imprinted electrode than the non-
imprinted electrode, which is due to the specific interaction between
the template molecules and the MIM on the electrode surface.

To investigate the reproducibility of the prepared electrode, three
KT-MIM/MOFs@G/SPE sensors were investigated in a solution contain
5.0 μmol L−1 KT under the same experimental conditions. The relative
standard deviation (RSD) of the peak currents obtained using the dif-
ferent sensors was 3.2%. In addition, the RSD of the same sensor for five
successive assays was 3.5%. Furthermore, the storage stability of the
sensor was also investigated. It was determined that the sensor could
retain more than 90% of its original response after being used at least
60 times or stored in a refrigerator for two months. The results de-
monstrate that the sensor possesses excellent reproducibility and sta-
bility.

3.7. Sample analysis

To evaluate the sensors practical applicability, the proposed KT-
MIM/MOFs@G/SPE sensor was used to detect KT in the urine and
saliva of healthy volunteers. The urine and saliva samples were stored
in a refrigerator overnight and diluted 10 fold with deionized water just

Fig. 3. The UV spectra of KT in the absence (a) or presence of function
monomers MAA (b), AM (c), ANA (d) and AAA (e) in acetonitrile.
Concentration of KT: 1. 0×10−4 mol L−1; Concentration of monomer:
4.0× 10−4 mol L−1, Corresponding pure monomer solutions as blanks.

Table 1
Comparison of the present method with other electrochemical methods for determination of ketamine.

Electrodes Methods Linear range (mol L−1) Limit of detection (mol L−1) Ref.

Anti-Kt/MPA/AuEa EIS 1.0× 10−12–1.0× 10−10 4.1×10−13 Chen et al. (2013)
KT-TPB/KCSEb Potentiometry 2.5× 10−6–1.0×10−2 8.5×10−7 Shawish et al. (2014)
G4HTD/PtNPs/CPEc DPV 0.1× 10−6–2.0×10−6 1.0×10−7 Bagheryan et al.(2013)
Zeo-GO/EμPADd CV 1.0× 10−9–5.0×10−6 1.0×10−9 Narang et al. (2017)
Ket/PAMAM-CDs/GNPs/GCEe Electrochemiluminescence 7.3× 10−10–7.3× 10−7 2.4×10−10 Li et al. (2015)
MIP/sol-gel/f-MWCNTs

@AuNPs/PGEf
DPV 1.0× 10−9–1.0×10−6 7.0×10−10 Deiminiat et al. (2018)

PM-CE/KTpClPB-PVCg Potentiometry 2.6× 10−6–1.0×10−2 7.9×10−7 Li et al. (2013)
KT-MIM/MOFs@G/SPE DPV 1.0× 10−10–4.0× 10−5 4.0×10−11 this work

a Immunosensor based on anti-ketamine and 3-mercaptopropionic acid modified Au electrode.
b Silver ion selective electrode based on ketamine hydrochloride with sodium tetraphenyl borate as electoractive materials.
c G-quadruplex structure of human telomeric DNA and platinum nanoparticles modified carbon paste electrode.
d Zeolites nanoflakes and graphene-oxide nanocrystals modified electrochemical micro fluidic paper-basedanalytical device.
e Glass carbon electrode modified with polyamidoamine-carbon dots, gold nanoparticle and anti-ketamine.
f Electropolymerization of molecularly imprinted polymer composed of polytyramine, sol-gel, multiwall carbon nanotubes@gold nanoparticles on pencil graphite

electrode.
g PVC membrane sensors based on 18-crown-6 (PM-CE) and KTpClPB.
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before use. The recovery was determined via the standard addition
method. The results are presented in Table 2, the recovery rates of these
samples range from 98.0 to 116.0% and the reproducibility expressed
as the RSD is less than 3.1%, which indicate that the sensor may be a
feasible tool for the determination of KT in real samples.

4. Conclusions

In this study, a novel imprinted electrochemical sensor for the de-
tection of KT based on UV polymerized MIMs on MOFs@G modified
screen-printed electrode was developed. The sensor had an ultra-low
detection limit (4.0× 10−11 mol L−1), which could be attributed to the
MIM with complementary cavities that could recognize and accumulate
the target molecules. Meanwhile, the MOFs@G composite nanoma-
terial, with its large surface area, could help load the exterior MIM and
enhance its electron transfer capability. The proposed electrochemical
sensor provides a simple method for the determination of KT with a

high sensitivity and selectivity, and good reproducibility and repeat-
ability. Finally, the results of using the sensor in practical detection
applications suggested that it could be a promising technique for trace
KT detection in urine and saliva samples.
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