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Abstract
For the first time, a comprehensive review is presented on the quantitative determination of narrow therapeutic index drugs
(NTIDs) by nano optical and electrochemical sensors and biosensors. NTIDs have a narrow index between their effective doses
and those at which they produce adverse toxic effects. Therefore, accurate determination of these drugs is very important for
clinicians to provide a clear judgment about drug therapy for patients. Routine analytical techniques have limitations such as
being expensive, laborious, and time-consuming, and need a skilled user and therefore the nano/(bio)sensing technology leads to
high interest.
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Introduction

Many deaths annually occur due to drug-related problems
(DRPs) worldwide, which impose various costs on the health
care system of governments [1–3]. Therefore, reducing of
DRPs can benefit the health of both patients and society.
The therapeutic index (TI) is the range of therapeutically ef-
fective dose to the toxic dose of a pharmaceutical agent. One
of the major candidates to create DRPs are drugs with a nar-
row TI (NTIDs) that have a narrow window between their
therapeutic and toxic doses [4, 5]. The US Food and Drug
Administration (FDA) has identified approximately 25 NTI
drugs (Table 1). Some of them are utilized in critical therapies

such as heart failure, thromboembolic and seizure disorders,
asthma, depression, and thyroid dysfunction [28–30].

Common side effects of NTI drugs such as bleeding
(dabigatran) [31], osteoporosis (warfarin) [32], nephrotoxicity
and ototoxicity (vancomycin) [33], coma, seizures, memory
problem (lithium carbonate) [34], abnormal heart rhythms,
headaches and dizziness (theophylline) [35], and arrhythmia
cerebellar syndrome (phenytoin) [36], increased risks of sui-
cide, and nausea (carbamazepine) [37, 38] have been reported.
For detection of trace levels of NTI drugs, various analytical
methods such as high-performance liquid chromatography
[39, 40], gas chromatography [41], gas and liquid
chromatography-mass spectrometry, [42–44] and immunoas-
say [45] are already being used. Although these methods have
high sensitivity and are routinely used in laboratories and re-
search works, they have disadvantages (e.g., complexity and
long time of analysis and need for a skilled user, high cost, and
complex instrumentation). Researchers are now shifting to
low cost and rapid sensing strategies [46].

In analytical approaches, by generating an optical and elec-
trochemical signal, (bio) sensing technology is applied for
detecting analyte concentrations. Generally, a (bio) sensor
contains two essentially functional components: a diagnostic
element whose role is to identify analytes in a matrix and a
signal converter (transducer) to generate an analytical signal.
Biosensors use a biological component for the recognition of
targets. This biological element can be a microorganisms,
cells, enzymes antibodies, nucleic acids, etc. that recognizes
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Table 1 Sample list of narrow therapeutic index (NTI) drugs published by the FDA

Drug Chemical structure Therapeutic 

class

Therapeutic 

index

Adverse effects 

and toxicity

Ref.

Aminophylline Bronchodilator 10- 20 µg/ml Nausea, Headache, 

Insomnia, 

Restlessness, 

Seizures, Cardiac 

arrhythmias, Death

[6]

Carbamazepine Anticonvulsants, 

analgesic

4–12 µg/mL Somnolence,dizziness

, gastrointestinal 

disturbance,hematolo

gic abnormalities

[7]

Clindamycin Lincosamide

antibiotic

----------

Nausea,  stomach 

pain, vomiting, joint 

pain, 

heartburn, white 

vaginal discharge and 

white patches in the 

mouth

[8]

Clonidine
Antihypertensive 0.2-2.0 

ng/mL

Dry mouth, dizziness, 

headaches, sleepiness

[9]

Cyclosporine Immunosuppressa-

nt

100-400 

ng/mL

Gum enlargement, 

increased hair 

growth, convulsions,

pepticulcers, pancreati

tis, 

diarrhea, confusion, in

creased cholesterol

[10]
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Digoxin Cardiac glycosd-es 0.8-2.0 ng/ml
Dizziness, Diarrhea, 

Mental disturbances, 

Vomiting, nausea

[11]

Disopyramide Antiarrhythmic 2-4 µg/ml Xerostomia (dry 

mouth, nose or eyes), 

abdominal 

discomfort, nausea, 

constipation and, most 

importantly, urinary 

hesitancy

[12]

Gentamycin Aminoglycoside 

antibiotics

5-10 µg/ml
Ototoxicity, 

neurotoxicity
nephrotoxicity

[13]

Guanethidine Antihypertensive ----------
Diarrhea or increase 

in bowel movements, 

sexual problems in 

males, slow heartbeat, 

stuffy nose

[14]

Isoetharine 

mesylate

Bronchodilator, 

adrenergic 

(Inhalation-Local)
----------

Tremor, headache
[15]

Isoproterenol
Bronchodilator, 

cardiac stimulant ----------
Nervousness, 

headache, dizziness, 

nausea, visual 

blurring, tachycardia

[16]
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-

Levothyroxine Thyroid hormone 

replacement

0.4-4.5 mU/L

Weight loss, increased 

appetite, palpitations, 

nervousness, diarrhea, 

abdominal cramps, 

sweating, tachycardia,

[17]

Lithium 

Carbonate

Antimanic, 

antipsychotic

0.6 -1.2 mM
Shaking, dizziness, 

drowsiness, vomiting, 

diarrhoea

[18]

Metaproterenol Bronchodilator, 

antiasthmatic

---------- Tremor, nervousness, 

dizziness, weakness, 

headache, nausea

[19]

Minoxidil
Antihypertensiv-e

---------- Sodium and fluid 

retention, 

cardiovascular effects 

[20]

Oxtriphylline

(choline 

theophyllinate)

Bronchodilator ---------- Abdominal pain, 

confusion or change 

in behavior, 

convulsions, dark or 

bloody vomit

[21]

Phenytoin
Anticonvulsants, 

antiepileptic

10-20 µg/mL
Headache, nausea, vo

miting, constipation, d

izziness, feeling of 

spinning

[7]

Prazosin Antihypertensiv-e ---------- Dizziness, 

headache, drowsiness, 

lack of energy, 

weakness, palpitations

, nausea

[22]

Primidone Anticonvulsants
5- 10 µg/ml Drowsiness, [23]
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listlessness, visual 

disturbances, 

headache, dizziness

Quinidine Antiarrhythmic 2-5 µg/mL
Decreased Appetite, 

diarrhea, nausea, 

stomach cramps, taste 

impairment, cardiac 

arrhythmia

[24]

Tacrolimus Immunosuppressant 5-15 ng/mL
Cardiac 

damage, hypertension, 

blurred vision, liver 

and kidney problems 

(tacrolimus nephrotox

icity)

[10]

Theophylline
Bronchodilator

10-20 µg/mL Loss of appetite, 

nausea, vomiting, 

abdominal pain

[25]

Valproic Acid

Anticonvulsants, 

antiepileptic

50–100 

µg/mL

Congenital anomalies, 

infection, abdominal 

pain, asthenia, 

drowsiness, nausea, 

tremo

[7]

Vancomycin Glycopeptide 

antibiotics

15-20 µg/mL Neutropenia, leukope

nia, tinnitus, dizziness

ototoxicity, 

neurotoxicity

[26]

Warfarin
Anticoagulant 0.6-2.6 µg/mL

Severe bleeding, Red 

or brown urine, 

Severe headache or 

stomach pain, 

Dizziness or 

weakness

[27]
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the target in complex matrices [47, 48]. The biosensors made
with aptamer are called “aptasensor.” Based on our
knowledge, construction of biosensors for NTI drugs with
known aptamer sequences has been investigated recently.

Nowadays, nanotechnology is playing a decisive role
in the fabrication of (bio) sensors. New efficient transduc-
ers can be developed using various nanomaterials which
improves sensitivity and performance of (bio) sensors
[49]. On the other hand, the combination of nano and
biomaterials can create powerful analysis platforms for
diagnosis and detection a variety of analytes such as
NTIDs (Scheme 1). In each subdivision of this review,
NTIDs with greater frequency in terms of (bio)sensing
technology are discussed in more detail. Other NTIDs
are listed in the relevant tables. In the final section of this
review, the major challenges and promising development
in this domain are discussed. For writing this review, a
literature search was performed in the period of 2000–
2021.

Optical NTIDs nano sensors and biosensors

Due to their simple and straightforward use, quick response,
and high sensitivity, optical techniques have been widely used
for construction of nano sensors and biosensors [50]. In recent
years, conventional optical methods including colorimetry,

fluorescence, and chemiluminescence (CL) methods, due to
their simplicity and device availability, have been used more
widely in (bio) sensors.

Colorimetric-based techniques

A wide range of analytes are detected by colorimetric
methods. These methods have some advantages over other
methods including simplicity, low cost, and the ability to de-
tect target concentration using the naked eye [51]. The appli-
cation of nanotechnology leads to better analytical characters
of (bio)sensors such as limit of detection, linear range, assays
reproducibility, and ability to be miniaturized. Nanomaterials
can be used as immobilization platform of detection element,
interface, and signal amplifier in the fabrication of
(bio)sensors [52]. Gold and silver nanoparticles have size/
distance-dependent optical properties that are widely used to
make (bio)sensors [53, 54]. Moreover, gold nanoparticles
(AuNPs) show unique optical properties that are due to a
phenomenon called surface plasmon resonance (SPR). At spe-
cific wavelengths, the collective oscillation of electrons on the
surface of the particle results in strong absorption (and scat-
tering) which means that the signal color generated by the
particle can be seen at very low concentrations. For this rea-
son, gold nanoparticles are widely used for the development
of colorimetric sensors. In order to ensure maximum

Scheme 1 Schematic representation of detection of NTIDs in blood matrix by nano optical and electrochemical sensor and biosensor

411    Page 6 of 42 Microchim Acta (2021) 188: 411



sensitivity in colorimetric detection, it is important to use gold
nanoparticles with high molar extinction coefficients [55].

Detection and determination of theophylline

Katiyar et al. using stable RNA aptamer and gold nano-
particles (AuNPs) fabricated a fast and straightforward
colorimetric aptasensor to detect theophylline in phar-
maceutical samples with detection limit of 50 ng mL-1.
Results obtained by aptasensing method were compared
with the HPLC method (Fig. 1). In this aptasensor,
aptamer electrostatically binds to gold nanoparticles,
thereby preventing salt-induced aggregation of AuNPs.
However, by introducing theophylline into the assay so-
lution, it reacts with aptamer and as a result, AuNPs are
aggregated which leads to the color change from red to
purple [56]. In the other study, a fast method for the
detecting of theophylline using non-crosslinking AuNPs
aggregation was developed. In this approach, compared
with typical crosslinking AuNPs aggregation, the reac-
tion is much faster. Inhere, firstly theophylline RNA-
aptamer splits into two RNA segments which then in-
teract with bare AuNPs. These RNA probes, which are
circled on the surface of gold nanoparticles, cause the
increase of the salt tolerance of AuNPs. With introduc-
tion of theophylline to assay solution, the RNA frag-
ments are transformed into their three-dimensional form
and complex with theophylline, therefore fewer RNA

segments are available to uphold the AuNPs from salt-
induced aggregation (Fig. 2). Aggregation of gold nano-
particles induced by theophylline can be assessed by
changing the color of the assay solution from red to
blue. The linear range of this aptasensor was in the
range of 0.1 to 20 μM and the limit of detection was
reported as 67 nM [57].

Detection and determination of digoxin

A colorimetric aptamer-based biosensor for sensitive de-
tection of digoxin was developed by Emrani et al. [58].
Gold nanoparticles coated with aptamer, in the absence
of digoxin, remain stable against salt-induced aggrega-
tion. Whereas, in the presence of digoxin in bio-assay
solution, the aptamer binds to it. Under such conditions,
the aptamer changes to its three-dimensional shape and
as a result, AuNPs become aggregated and subsequently
the color of assay solution changes from red to blue.
The results of their experiments showed that the de-
signed aptasensor with a limit of detection of 571 pM
can determine the concentration of digoxin. It can also
successfully detect digoxin in the complex serum matrix
with high selectivity [58]. For fabrication of monoclonal
antibody-based nanobiosensors (immunosensor),
Nikfarjam et al. used the localized surface plasmon res-
onance (LSPR) properties of gold nanoparticles. Firstly,
the gold nanoparticles using the citrate reduction

Fig. 1 Colorimetric method for
detection of theophylline based
on AuNPs and aptamer [56]
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method were synthesized, then the synthesized AuNPs
were functionalized using 11-mercaptoundecanoic acid
(11-MUA) ligand through thiol groups (Au-S-). The
AuNPs were decorated by carboxyl group using EDC/
NHS method, reacted with a monoclonal antibody (Fig.
3). Presence of digoxin molecules in the bio-assay

solution and consequently their specific binding to the
antibody cause an incredible increase in the optical ab-
sorption (in λmax = 520 nm). The observed rise in the
optical absorption is used as the analytical signal to
quantify digoxin. The limit of detection (LOD) of this
colorimetric aptasensor was 2 ng/ml [59].

Fig. 2 Illustration of colorimetric
detection of theophylline based
on RNA aptamers recognition
and non-crosslinking AuNPs ag-
gregation [57]

Fig. 3 LSPR nanobiosensor, schematic synthesis process of the antibody-conjugated11-MUA-GNPs and the analysis of digoxin [59]
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Detection and determination of gentamicin

Yan et al. developed a simple colorimetric sensor that was
based on two single-stranded DNA (ssDNA) oligonucleotides
and AuNPs. They used chemometric techniques to discrimi-
nate of the five aminoglycoside antibiotics (AAs) including
tobramycin, streptomycin, gentamicin, ribostamycin, and
kanamycin. In this study, it was shown that the addition of
gentamicin could trigger the detachment of DNA fromAuNPs
and consequently resulted in salt-induced AuNPs aggregation
(Fig. 4). The spectral changes of AuNPs in the presence of
variuos aminoglycoside antibiotics were analyzedwith pattern
recognition techniques, Fisher’s linear discriminant (FLD)
analysis, and hierarchical cluster analysis (HCA) [60]. This
sensor quantified gentamicin in a concentration range of
120–280 nM and with a detection limit of 120 nM. Also, by
this sensor, five AAs could be successfully distinguished from
20 interferences, in the actual sample of milk.

Miranda-Andrades and colleagues described a colorimetri-
cal sensor using spherical AuNPs and gold nanorods (AuNRs)
to detect gentamicin [61]. In order to determine the concen-
tration of gentamaicin, the optical analytical signal of AuNPs
and AuNRs towards gentamycin was assessed. Based on their
result, high sensitivity was obtained by gold nanoparticles
with signal monitoring of the rising plasmon coupling band.
The results showed that this sensor is able to detect the gen-
tamycin with a detection limit of 0.4 ng mL−1.

Other colorimetric-based NTIDs nano sensors and biosensors

Jahed and coworkers used dopamine-capped silver nanoparti-
cles for the determination of cyclosporine, based on the mech-
anism shown in Fig. 5.

The mechanism of this sensor is as follows; dopamine
could protect AgNPs against aggregation; therefore,
dopamine-capped silver nanoparticles remain dispersed in

the absence of cyclosporine. The SPR peak of assay solution
(bright yellow color) was obtained at 410 nm. However, upon
the addition of cyclosporine, the characteristic peak will have
a red shift (at 600 nm) due to the aggregation of silver nano-
particles. Therefore, optical absorption ratios (A600/410) were
used as the analytical signal to measure cyclosporine. It was
shown that, in the concentration range of 0.17–0.85 μM, the
detection signals were linearly correlated to the concentrations
of the cyclosporine [62].

For increasing the selectivity of unmodified AgNPs, sever-
al capping ligands including alkanethiols, amino acids,
amines, and polymers can be used to decorate silver nanopar-
ticles [63]. Based on this approach, Khoubnasabjafari and
coworkers fabricated a nanosensor based on the aggregation
of indoxyl sulfate capped silver nanoparticles (InS-AgNPs)
for specific determination of phenytoin (PHT). Upon intro-
ducing PHT to assay solution, the intensity of the InS-AgNP
SPR peak at 396 nm is reduced.With the peak disappearing at
360 nm, a new peak around 530 nm appeared and, meanwhile
the color of assays solution changes from yellow to pink. The
calibration graph of the assay was linear in the range of 25–
450 mgL-1, with a detection limit of 10 mgL-1 [64]. The list of
fabricated colorimetric sensors and biosensors for the deter-
mination of NTIDs is summarized in the Table 2.

Fluorescence-based techniques

Fluorescence sensing is one of the most common optical tech-
niques for the construction of sensors and biosensors. This
approach has unique features including high sensitivity, sim-
plicity, high signal production, reproducibility, and non-
destructiveness [80]. Fluorescence intensity, quenching effi-
ciency, fluorescence anisotropy, decay time, energy transfer
(radiative or non-radiative), and quantum yield as an analyti-
cal signal can be explored in fluorescence sensing [81].

Over the years, organic dyes were used in fluorescence
assays and many efficient fluorescent probes constructed with
them were able to detect low concentrations of analytes in
different matrices in environmental and clinical chemistry
[82–85]. However, with the development of nanotechnology,
in recent years, highly sensitive chemical and biological fluo-
rescence nano sensors have been successfully fabricated for
various applications. These nanomaterials include carbon
nanostructures, quantum dots, noble metals, and upconversion
nanoparticles [86]. For high sensitivity and reliable monitor-
ing of NTIDs, various fluorescence-based sensors and biosen-
sors have been developed and are reviewed briefly in this
study.

Detection and determination of theophylline

DNA or RNA aptamer? Which is the better choice for the
fabrication of an aptasensor? In recent years, manyFig. 4 Detection of AAs based on ssDNA-AuNPs conjugate [60]
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constructed aptasensors have used DNA aptamers due to their
higher chemical stability and lower price than RNA aptamers
[87]. Due to the inherently vulnerable property of RNA
aptamer, few aptasensors have been fabricated using them.

However, RNA aptamers have significant advantages over
DNA aptamers as biorecognition element. For example, in
comparison to DNA aptamers, more small molecules can spe-
cifically react with RNA aptamers [88]. Moreover, most

Fig. 5 The assay for colorimetric
detection of cyclosporine with the
dopamine-capped AgNPs system
[62]

Table 2 NTIDs nano colorimetric sensors and biosensors

Strategy (recognition element) Drug Matrices Linear range (nM) LOD
(nM)

Ref.

Water-compatible molecularly imprinted
film/AuNPs

Theophylline Aqueous solution 0.1–1000 0.1 [65]

Aptamer based nano probe sensor Theophylline Plant extrtacts and serum – 50 [66]

Epicatechin coated silver nanoparticles Gentamicin Human blood plasma and serum 0–100 × 103 1280 [67]

Cysteamine-modified gold nanoparticles Gentamicin Skim milk 0–200 12.45 [68]

Gold nanoparticles Lithium Aqueous solution 10–100 × 106 – [69]

Polyamidoamine dendrimer Lithium Alkali media 1 × 103–3 × 104 1000 [70]

Optically fingerprinted of Li2CO3 Lithium Distillated water 100–600 50 [71]

Branched gold nanoparticles Phenytoin Human plasma 265.4–2654.1 83.2 [72]

Amphotericin B stabilized gold
nanoparticles

Clindamycin Human blood plasma and tap water 0–100 × 103 20 × 103 [73]

Nanogold-labeled monoclonal antibody probe Digoxin Human serum – 2.56 [74]

Gold nanoparticle lateral flow assay Digoxin Human serum 0–100 31.3 [75]

Monoclonal antibodies Warfarin Human plasma 12.9–806.2 – [76]

Charge transfer complexation Sodium
valproate

Tablet and oral solution
formulation

69.3 × 102–554.7 ×
102

17.3 × 102 [77]

Nano MIP Vancomycin Milk 11.4–1140 2.8 [78]

Optical absorbtion/nanoMIPs Vancomycin Porcine plasma – 10 [79]
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(70%) reported aptamers are RNA sequences [89]. Also, RNA
molecules are more versatile than DNA molecules and they
are by nature single-stranded, which makes them more favor-
able as a binder. The stability of RNAmolecules can be great-
ly improved through various modifications [90–93].

Jiang and his colleagues designed an RNA aptasensor
using AuNP and theophylline RNA aptamer. High affinity
and selectivity of RNA aptamer toward theophylline and fluo-
rescence quenching of AuNPs led to the development of an
efficient nano-bio-analytical platform for the detection of the-
ophylline in serum. When theophylline is not present in the
assay solution, the two individual segments are dissociated in
solution. However, in the presence of the theophylline, the
fragments form an aptamer–theophylline complex on the sur-
face of AuNPs by an innate change in the secondary structure
of aptamer fragments. Subsequently, the fluorescence of Cy3-
labeled FR2 due to the occurrence of fluorescence resonance
energy transfer (FRET) is quenched by AuNPs (Fig. 6). It is
found that the detection limit of aptasensor was 0.05 μM,with
a linear dynamic range from 0.1 to 10 μM in serum [94].

Lately, the combination of fluorescence detection methods
with different nucleic acid amplification reactions can lead to
development of a series of novel analytical platforms, which
have developed outstanding sensitive and selective detection
methods in bioanalysis [95]. These fluorescence approaches
are based on nucleic acid amplification including fluorescent
dyes aggression [96], fluorescence resonance energy transfer
(FRET) [97], photo-induced electron transfer strategy [98],
chemical conjugation of flurophores to DNA [99], a label-
free fluorescent strategy [100], real-time [101], multiplex
nucleic acid amplification strategies [102], and digital nucleic
acid amplification methods [103]. Using various nuclease-
assisted signal amplification techniques and nucleic acid mo-
lecular probes, ultra-sensitive biosensors have been devel-
oped. The prepared biosensors were used for determination
of different analytes with a picomolar/femtomolar and even
single molecule detection [104].

Lou et al. developed a fluorescence aptasensor, based on
signal amplification by cryonase, for detection of theophylline
in serum matrix. In their aptasensor, graphene oxide acted as a
quenching agent which can decrease the fluorescence of la-
beled nucleic acid probes. The mechanism of the fluorometric
method is as follows; FAM-tagged aptamer is absorbed on the
graphene oxide (GO) and quenched by FRET, the aptamer/
GO complex interacted with the theophylline. As a result, the
aptamer deforms in its three-dimensional form and pairs with
theophylline. Then, cryonase digestion occurs on the released
complex, subsequently analyte can bind to another aptamer
for another consequential split reaction. To amplify the fluo-
rescence signal, cyclic reactions are done repeatedly till all
fluorophores turn on (Fig. 7). By this fluorescence aptasensor,
theophylline was quantitatively detected in a linear range of
50 nM–5 μM, and the detection limit was 47 nM [105].

Detection and determination of digoxin

To achieve the higher sensitivity and lower detection limit, as
the two important factors for performance of fluorescence-
based sensor and biosensor, there is a need for powerful fluo-
rophores [106]. Silica nanomaterials, due to their tunable size,

Fig. 6 Schematic representation of the design principle (a) and the sens-
ingmechanism (b) of the self-assembling RNA aptamer-based gold nano-
particle sensor for theophylline detection in serum [94]
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optical transparency, high hydrophilicity, facilaited surface
modification, biocompatibility, low cytotoxicity, and control
over particle interactions, are considered as qualified candi-
dates for making fluorescence based (bio)sensor [107][108].

Emrani et al. used streptavidin-coated silica nanoparticles
(SNP) for construction of fluorescence-based biosensor. The
SNP–double stranded DNA (dsDNA) complex will have an
intense fluorescence signal in the absence of digoxin. With
introducing digoxin into the assay solution, the aptamer trans-
forms to its 3D-dimensional structure and binds to digoxin, as
a result the labeled-complementary strand separates from
dsDNA-SNPs, and decreases the fluorescence intensity (Fig.

8). This fluorescence-based aptasensor can detect digoxin
with high selectivity, and a limit of detection was 566 pM
[109].

Quality of immobilization of aptamer on the surface of
transducer affected the stability, affinity, and specificity of
the aptamer toward the analyte. There are various immobili-
zation methods such as covalent binding, physical adsorption,
self-assembly, avidin–biotin immobilization, and hybridiza-
tion [110]. Elmizadeh and coworkers used two designs for
immobilization of aptamer for construction of ultrasensitive
fluorescent nano aptasensor for detection of digoxin (DX).
In the first method, the fluorescence intensity of reduced

Fig. 7 The working mechanism
of the cryonase-assisted signal
amplification (CASA) for target
assay [105]

Fig. 8 Presentation of digoxin
detection based on fluorescence
property of silica nanoparticles
and aptamer [109]
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graphene quantum dots (rGQDs) increased by a label-free
aptamer that directly interacted with rGQDs. Upon introduc-
ing DX to assay solution and formation of the aptamer-DX
complex, the fluorescence intensity was reduced. In the sec-
ond approach, an amine-modified aptamer was used. Amine
modified aptamer-rGQDs fluorescence induced turn-off using
oxidized carbon nanotubes (CNTs) via fluorescence reso-
nance energy transfer (FRET) mechanism. In the following,
addition of DX causes interaction with aptamer, and as a result
inhibition of the connection between CNTs and amine-
modified aptamer-rGQDs, and therefore the recovery of the
rGODs fluorescence can be observed. Limit of detection was
obtained as 29 × 10-12 mol L-1 and . 7 × 10-12 mol L-1 by label-
free and labeled aptamer designs, respectively [111].

Detection and determination of vancomycin

Colloidal nanocrystalline semiconductors, known as quantum
dots (QDs), are preferred to other luminescent materials due to
higher quantum yield, flexible surface chemistry, better stabil-
ity, great brightness, trivial photobleaching, and broad excita-
tion spectrum as well as sharp and size-tunable emission spec-
trum [95]. These features have led to the emergence of QDs as
a powerful candidate for construction of biosensors, especially
for the development of fluorescence-based sensors and bio-
sensors [112–116].

For sensitive detection of vancomycin in pharmaceutical
formulation, environmental water samples, and spiked human
serum, Liang and et al. developed an electron transfer and
fluorescence “turn-off “ based CdTe quantum dots [117].
The working mechanism of this sensor is as follows; glutathi-
one capped-CdTe(GSH-CdTe) QDs were excited, leading to
an electron transfer from its valence band to the conduction
band and therefore a positively charged hole was formed in its
valence band with a free electron in the conduction band. In
the absence of vancomycin, recombination of the electron in
the hole of the GSH-CdTe QDs occurs that consequently leads
to fluorescent emission. However, in the presence of vanco-
mycin, as an electron acceptor, the hindrance of the electron-
hole recombination at the interfaces of GSH-CdTe QDs can
occur (Fig. 9) and leads to fluorescence quenching.
Fluorescence quenching was proportional to the increase in
the concentration of vancomycin in the range of 1.53 ng mL-1

to 20.0μgmL-1, with a corresponding LOD of 0.460 ngmL-1.
In a single wavelength fluorescence probe, the fluorescence

intensity, as an analytical signal, depends on the concentration
of the target analyte, whereas two or more fluorescence sig-
nals at different wavelengths are measured in the ratiometric
fluorescent approach. Their intensity ratio which varied with
the concentration of the target analyte in the assay solution is
considered as an analytical signal. Indeed, an internal stan-
dardization was performed using this analytical fluorescence
signal ratio that may affect the fluorescence signal and sensor

performance [118]. To have a reliable and sensitive fluores-
cence sensor for measuring different analytes and overcome
the mentioned obstacles, the ratiometric fluorescence tech-
nique can be used in the design of fluorescence-based sensors
and biosensors [119–121].

For quantitative detection of vancomycin (VAN), Deng
and coworkers developed a sensitive ratiometric fluorescent
probe with the combination of coumarin and fluorescein as
dual fluorescence reporters and a VAN binding peptide (i.e.,
D-Ala-D-Ala). Due to the stacking and self-quenching effects,
the fluorophore pair which consisted of coumarin and fluores-
cein gave no significant fluorescent radiation (I446), in the
absence of VAN. However, by introducing VAN-(D-Ala-D-
Ala) to assay solution, the fluorescence turned on (I519), prob-
ably due to the disaggregation of fluorophores (Fig. 10). The
intensity ratio of the dual emission bands I519/I446 exhibited an
excellent linear relationship with the concentration of VAN
increasing from 0 to 20 μM in synthetic urine. The lowest
detection limit was calculated to be 92.8 nM in urine [122].

Other fluorescence-based NTIDs nano sensors and biosensors

In the inner filter effect (IFE) based on sensor, electromagnetic
radiation is absorbed either at the excitation or at the emission
wavelength range of the fluorophore, then the chromophores
act as a filter. Fluorescent carbon dots (CDs) have gained
widespread attention as an analytical probe due to
concentration-dependent luminescent properties [123]. In
some of fluorescence based assay, considering the IFE, CDs
as fluorophore were used for detection of various analytes
such as acetamiprid (absorber: AuNPs) [124], paraoxon (ab-
sorber: p-nitrophenol)[125], Quercetin (absorber: Quercetin)
[126] and hemoglobin (absorber: hemoglobin) [127].

Ma and coworkers used IFE technique for development of
a simple and sensitive fluorescence sensor for recognition and
determination of carbamazepine (CBZ). In their IFE system,
blue-emitting carbon dots (CDs) act as a fluorophore and CBZ
was an authoritative absorber that can competitively absorb
the excitation light of quantum dot. Due to this quenching
effect of CBZ, based on the IFE, it can decrease the fluores-
cence intensity of the CDs.

As a result, the fluorescence extinction of CDs depends on
the concentration of CBZ. In this IFE-based fluorescence
nano-sensor, the correlation between fluorescence quenching
efficiency and concentration of CBZ is linear in the concen-
tration range 10.0–90.0 μg mL-1. Also, the limit of detection
was 1.93 μg mL-1 [128].

For sensitive detection of warfarin, a fluorescence sensor
was developed by quenching the fluorescence of l-tryptophan
due to the interaction between warfarin and l-tryptophan(Fig.
11). The fluorescence quenching rate is proportional to the
warfarin concentration. By this sensor, concentration of war-
farin was obtained with a linear range and detection limit (3σ/
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k) of 0.04–12.0 μmol L− 1 (R2 = 0.994) and 0.01 μmol L−1,
respectively [129]. In summary, selected fluorescence-based
sensors and biosensors fabricated for NTIDs are presented in
Table 3.

Chemiluminescence-based techniques

CL (Chemiluminescence) techniques are rapid and selective,
thus CL-based sensors are superior to other optical methods,
such as absorbance and fluorescence detection [151].
Prominent features such as high sensitivity, simple instrumen-
tation, wide calibration ranges, suitability for miniaturization
in analytical chemistry, and controllable emission rate have

made CL a powerful analytical method for the detection of
various analytes including drugs [152], biomarkers [153], pes-
ticides [154], heavy metal [155], and others. Despite these
advantages, only few CL-based sensors have been fabricated
for the detection of NTIDs. Short lifetime and signal drift due
to the irreversible consumption of CL reagents as well as poor
reproducibility have limited the application of CL sensors in
practice for routine analysis. However, for reduction in the
consumption of the luminescent reagents, various CL-based
sensors have been developed on the rolling circle amplifica-
tion strategy and isothermal exponential amplification.
Despite low sensitivity of CL sensors, as an important chal-
lenge, they are still suitable for practical applications [156]. In

Fig. 9 Mechanism of the fluorescence quenching process for detection of vancomycin [117]

Fig. 10 Working principle of
vancomycin detection by rational
fluorescence strategy [122]
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this section, we have summarized CL-based assays for quan-
titative detection of NTIDs.

Detection and determination of vancomycin

The nanomaterials (NMs) as CL emitters have surface trap-
control luminescence, high quantum yields, great molar ex-
tinction coefficients, chemical stability, and negligible photo-
bleaching/photo-degradation [157]. The use of nanomaterials
such as gold [158], silver [159], platinum [160], CdTe [161],
TiO2 [162], Se [163], and CuO nanoparticles [164] in CL
systems can facilitate the fabrication of novel nano
(bio)sensors with high sensitivity [165].

Recently, a nano sensor amplified flow-injection chemilu-
minescence (CL) system using CuO nanosheets (NSs) and
luminol–H2O2–CuO nanosheets was fabricated for sensitive
detection of the vancomycin [166]. In this approach, under
alkaline conditions, CuO nanosheets act as a nano-catalyst
on the luminol–H2O2 CL reaction which can be efficiently

generating a remarkable increase in CL emission. By intro-
ducing vancomycin to this CL system, an efficient inhibition
of the CL intensity of luminol–H2O2–CuO was observed. In
the concentration ranges of 0.5–18.0 and 18.0–40.0 mgL-1,
the CL intensity of this system, under the optimized condi-
tions, was proportional to the concentration of vancomycin
with a detection limit of 0.1 mgL-1. In CL systems, various
QDs including semiconductor QDs, carbon nanodots (CDs),
graphene quantum dots (GQD), graphitic carbon nitrides (g-
CNQDs), black phosphorus quantum dots (BPQDs),
nitrogen-rich QDs (N-dots), silicon carbide (SiC-dots),
MoS2 QDs, and so on were widely used as enhancers, cata-
lysts, carriers, or quencher [167]. Mechanisms of QDs in
chemiluminescence are as (i) direct chemiluminescence,
QDs are emitter species after direct oxidation; (ii) chemilumi-
nescence catalysts, QDs are catalysts of the reactions involv-
ing others luminophores; and (iii) chemiluminescent energy
acceptor, QDs are emitter species after chemiluminescence
resonance energy transfer (CRET) [168].

Table 3 NTIDs nano fluorescence-based sensors and biosensors

Strategy (recognition element) Drug Matrices Linear range (nM) LOD
(nM)

Ref.

RNA aptamer/graphene oxide Theophylline Human serum 1000–100 × 103 155 [130]

RNA aptamer/fluorescently labeled DNA
strand

Theophylline Aqueous solution – 2 [131]

Fluorescently labeled DNA duplex aptamer Theophylline Horse serum 5–20 × 103 320 [132]

RNA aptamer/carbon nanoparticle and
cryonase

Theophylline Fetal bovine serum 0–250 6.3 [133]

RNA ribozyme/DNase I/graphene oxide Theophylline Buffer solution 0.1–10 × 103 100 [134]

RNA aptamer/RNA enzyme Theophylline Human serum 0–500 × 103 92 [135]

DNA strand/antibody Digoxin Plasma sample 10–100 10 [136]

DNA aptamer/AuNPs Digoxin Rat serum 0–30 0.392 [58]

Polyclonal antibody/MIP Digoxin Human serum Immunosensor
1.53-51.2

MIP sensor 0.021-5.12

1.53
0.02

[137]

MIP Digoxin Human serum – 0.02 [138]

Antibody Gentamicin Animal-derived food 0.14 × 104–18.1 × 104 356 [139]

Antibody/liposomal nanovesicles Gentamicin Skim milk 29.6–20.9 × 104 29.65 [140]

Antibody/Colloidal gold Gentamicin Milk 20.9–12.3 × 102 10.47 [141]

Organic nanoparticles Lithium Aqueous media 0–104 × 103 122 [142]

Metallacrown complex Lithium Human serum – 1000 [143]

Crowned spiropyran Lithium Acetonitrile 0–500 × 103 100 [144]

Quantum dots (CdTe) Valproic acid Tablet, urine, serum 2 × 103–52 × 103 1.66 [145]

Eosin Y Clindamycin Gel, solution, capsules, vaginal
cream

433.4–43.3 281.7 [146]

Copper nanoclusters Carbamazepine Exhaled breath condensate 8.4 × 102-–8.4 × 103 3.8 × 102 [147]

Monoclonal antibody Cyclosporine Whole blood, human serum – 8.31 [148]

Warfarin−Eu3+– 2-tenoyltrifluoroacetine
(TTA)

Warfarin Aqueous solution 1 × 103–1 × 105 5.1 × 102 [149]

Palladium complexes Warfarin Buffer solution 0–12 × 103 2 × 103 [150]

amino-functionalized graphene quantum dots Aminophylline Tablet sample 237.1–2371.1 95.1 [151]
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For sensitive detection of vancomycin, a CL nano sensor
based on cadmium sulfide quantum dots (CdS QDs) which
was decorated with L-cysteine as sensitizer in KMnO4–morin
CL systemwas developed [169]. In this study, CdS QDs as an
acceptor part have a significant role in CL energy transfer
from (morin)* as a donor. This process is accompanied by
direct oxidation of CdS QDs. With the presence of vancomy-
cin in the assay solution, the CL intensity of the KMnO4–
morin–CdS QDs system was remarkably enhanced.
Enhancement CL intensity was proportional to vancomycin
concentration in the linear range of 0.004 to 19 mg L−1, with a
detection limit (3σ) of 1.4 μg L−1.

Detection and determination of aminophylline

One of the main disadvantages of the conventional CL sys-
tems is the low yield for transforming the chemical energy into
light [170]. Recently, diverse catalysts including nanomateri-
als, such as noble metal nanoparticles [171, 172], and metal
oxide nanostructures (TiO2, ZnO2) [173], usual peroxidase
enzyme [174] and QDs [168], have been used for increasing
the efficiency of CL. The selectivity of CL assay in direct CL
systems remains a great challenge [170]. Magnetic iron oxide
nanoparticles (MIONs) are one of the interesting approaches
to overcome this challenge.

Owing to their particular physicochemical and magnetic
properties, MIONs are widely used in human biomedical appli-
cations including magnetic separation of biological materials,
diagnostic applications, labeling, and imaging [175]. Fe3O4 is

one of these MIONs that can amplify the CL intensity of
luminol by at least 20 times [170]. In the luminol−Fe3O4-based
CL system, due to high peroxidase-like catalytic activity, Fe3O4

nanoparticles can act as a catalyzer for surface catalyzing of the
disintegration of dissolved oxygen to superoxide anions [176].
In this CL system, it is concluded that Fe2+ ions, found in the
Fe3O4 nanoparticles and dissolved oxygen, can act as light
emitter factors. After generation of superoxide anions at the
surface of Fe3O4 nanoparticles and under alkaline conditions,
they oxidize luminol to produce the intense CL emission [170].
For detection of aminophylline (AMP) in human serum, Rezaei
and coworkers used luminol–diperiodatoargentate(III) (DPA)
system catalyzed by coated iron nanoparticles (CIN) to set up
CL system. In this approach, FeNPs act as catalyzers for oxi-
dation of luminol in the presence of oxygen. In the presence of
FeNPs, due to their catalytic properties, the number of luminol
free radicals increases and as a result the intensity of CL signal
of luminol-DPA system can increased (amplified) and therefore
the CL reaction response time is reduced (Fig. 12). In luminol–
DPA–FeNPs system, the CL signal was proportional to the
aminophylline (AMP) concentration in the range of 1.0 ×
10−8–2.0 × 10−6 molL−1. Moreover, the LOD for this sensor
was reported as 9.8 × 10−9 molL−1 [177].

In the other study, a CL-based assay for the determination
of AMP was developed which was based on the inhibition
effect on the chemiluminescence emission of N-
bromosuccinimide–luminol (NBS–luminol) system. NBS as
brominating and oxidizing reagent was introduced into CL
reaction. In luminol–NBS–AMP system, amino groups in

Fig. 11 Schematic presentation
of warfarin detection and its
interaction with tryptophan [129]
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the molecule structure of AMP make the redox with NBS.
Therefore, consumption of NBS, the oxidant of luminol–
NBS system, led to a decrease in CL intensity. The decreased
CL intensity is proportional to the concentrations of AMP in a
certain range. This CL assay was used successfully for the
determination of AMP in pharmaceutical and spiked plasma
samples. The detection limit was 3.4 × 10−8gml−1 in the linear
range of 1 × 10−7 to 7.0 × 10−6 gml−1 [178]. In summary,
selected CL-based nano sensors and biosensors fabricated
for NTIDs are presented in Table 4.

Electrochemical nano sensors and biosensors
for detection of NTI drugs

The majority of NTI drugs pose a measurable electrical signal
which can be used for quantitative analysis. Therefore, the
measurement and determination of NTI drugs level can be
provided via electrochemical approaches as a sensitive, sim-
ple, low cost, and selective method [189–193]. In between
twenty-five NTI drugs reported by the FDA, theophylline,
aminophylline, isoproterenol, and levoxyine are widely

Fig. 12 Proposed CL reaction
mechanism of luminol–DPA–
AmP system in the presence of
FeNPs [177]

Table 4 NTIDs nano CL-based sensors and biosensors

Strategy (recognition element) Drug Matrices Linear range LOD Ref.

Ru(bipy)3
3+ Carbamazepine Tablet 4.0 × 10-3–8.6 ×

107mol/L
2.5 ×

10-7mol/L
[179]

Luminol/K3Fe(CN)6 Clindamycin Capsule , human urine 0.7–1000 ng/mL 0.2 ng/mL [180]

Luminol/hypochlorite Gentamicin Eye drops, injections 1.0–4.0 μgmL−1 0.023
μgmL−1

[181]

Peroxyoxalate CL/imidazole Gentamicin Injection ampoules, eye drops 3.93–30 μgmL−1 1.18 μgmL−1 [182]

Luminol/H2O2-Catalyzed by Cu(II) Gentamicin Pharmaceutical formulation/water
samples

1.0–30.0 μgmL−1 0.1 μgmL−1 [183]

Monoclonal antibody Theophylline Human serum 0.51–40 mg/L – [184]

QDs–luminol–potassium
periodate

Theophylline Tablet 1.0 × 10−8–1.0 × 10−5

g/mL
2.8 × 10−9

g/mL
[185]

Antibody-thermochemiluminescence/silica
nanoparticles

Valproic acid Blood,
saliva

4–300 μgmL−1

0.05–20 μgmL−1
4 μgmL−1

0.05 μgmL−1
[186]

Luminol-KMnO4 Levothyroxine Tablet 5.0 × 10-8–3.0 × 10-6

mol/L
8.9 × 10-9

mol/L
[187]

Magnetic nanoparticles labeled antibodies Digoxin Human serum 8.0 × 10−9–800 × 10−9

mol/L
3.6 mol/L [188]
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studied by electrochemical methods. Awide spectrum of sens-
ing platforms composed of carbon nano-materials, metal
nanoparticles and, polymers in absence (sensors) or in pres-
ence (biosensors) of biological recognition elements such as
DNA, aptamers, enzymes, and antibodies were designed for
increasing the electrocatalytic activity of electrochemical sen-
sors and biosensors [194–196]. It is noteworthy that the elec-
trochemical techniques are commonly used for investigation,
detection, and measurement of NTI drugs in serum and blood
samples [197, 198]. In this part, some electrochemical sensor
and biosensor approaches that were developed for measuring
of NTI drugs are highlighted. To gain insight into the other
reported progress, the fundamental cases of the electrochem-
ical sensor and biosensors such as analytical parameters (lin-
ear range and detection limit), type of electrodes, and mea-
surement methods are given in separate tables.

Electrochemical detection of theophylline

Based on electrochemical investigations, theophylline is oxi-
dized with loss of two electrons and two protons via the irre-
versible mechanism [199, 200]. Ahn and coworkers [201]
used a biological recognition element on the gold electrode
to detect theophylline via differential pulse voltammetry sys-
tem. A DNA duplex aptamer with an abasic (AP) site opposite
of cytosine was coated on the gold surface via sulfur moiety.
As the consequence of DNA damage or mutation ( loss of
nucleobase), apurinic/apyrimidinic or abasic (AP) sites which
have high affinity for theophylline can be formed (Fig. 13I).
Based on cyclic voltammetry data, the silver ions are captured
into the AP site, and a strong electrochemical signal was ob-
served in the absence of theophylline. The oxidation peak of

Ag+ was significantly reduced when the AP site was occupied
via theophylline (Fig. 13II). This result is because of the non-
electroactivity of theophylline in the AP site. The detection
limit and linear range are achieved 3.2 and 0–50 μM,
respectively.

In another approach, an electrochemical biosensor is fabri-
cated and applied to detect the theophylline in serum samples
with a remarkable detection limit (0.2 μM) by Ferapontova
and coworkers [202]. The bio-recognition element is consid-
ered as an RNA aptamer which is accompanied with a probe
(i.e., ferrocene (Fc)) and is attached to the gold electrode. In
this approach, the electrochemical signal of Fc/Fc+ is related
to the conformation of RNA at the electrode surface. The gold
modified electrode is prepared through an stepwise method
including polishing of bare electrode, immobilization of
RNA with sulfur moiety on gold electrode, synthesis of
ferrocene-carboxylic acid N-succinimide ester (FcNHS) in di-
chloromethane (DCM)/EDC mixture solution, and finally,
modification of aptamer with FcNHS (Fig. 14A, B). After
the addition of theophylline, the conformational folding of
the RNA can lead to increasing the electrical response of the
Fc probe (Fig. 14C). The monitoring of theophylline and caf-
feine level in foodstuffs such as green tea is performed by
Wang and coworkers [203]. The electronic and electrocatalyt-
ic features of the sensing platform (glassy carbon electrode)
are increased with nitrogen-doped carbon nanotubes (N-CNT)
and poly (L-cysteine). The constant applied potential (2.5 V)
is used to electrodeposit N-CNT on the glassy carbon elec-
trode. In the second step, repetitive cyclic voltammetry (10
cycles) was performed for electro-polymerization of L-
cysteine in 0.1 M PBS (pH 6.0) solution (Fig. 15I). The
highest current (maximum sensitivity) of oxidation peaks is

Fig. 13 (I) Schematic representation of electrochemical approach to
detect theophylline based on the redox reaction of silver ions captured
into AP site-incorporated duplex DNA. (II) Oxidation peak signal of
cyclic voltammetry generated by silver ions within AP site-incorporated
duplex DNA or full-matched duplex DNA in the absence and presence of

theophylline (AP site-incorporated duplex DNA in the absence (1) and
presence (2) of theophylline and full-matched duplex DNA in absence (3)
and presence (4) of theophylline). Inset: cyclic voltammogram containing
oxidation peak at + 0.15 V and reduction peak at − 0.09 V [201]
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achieved on PLCY/N-CNT/GC electrode. The detection limit
and linear range are achieved 0.033 and 0.1–70.0 μM, respec-
tively (Fig. 15II). In summary, a variety of sensing platforms
with related analytical parameters is given in Table 5.

Electrochemical detection of carbamazepine

Anodic oxidation of carbamazepine (CBZ) has been investi-
gated at the various electrode surfaces with loss of one

electron and formation of cation radical and CBZ dimer
[233–236]. In 2011, Pruneanu [237] and coworkers success-
fully determined the concentrations of CBZ using the
graphene-gold nanoparticle composites which were deposited
on the gold electrode (Au-Gr-AuNPs) in acetonitrile and tetra-
butyl ammonium perchlorate (TBAP) as supporting electro-
lyte. Two deposition steps were performed for preparing the
sensing device. The stepwise preparation of the Au-Gr-
AuNPs is illustrated in Fig. 16. In comparison to the bare gold

Table 5 A comparison of analytical parameters, sensing platforms, and electrochemical techniques of various theophylline nano sensors and
biosensors

Electrode Detection limit (μM) Linear range (μM) Method Ref.

Nafion/MWNTs/GCE 0.02 0.08–60.0 DPV [204]

MnO2/MWNT/GCE 0.01 0.1–20.0 DPV [205]

CdSe/GCE 0.4 0.1–700 DPV [206]

ACNT/GCE 0.016 0.08–10.0 DPV [207]

HMDE 0.6 μg1-1 0.6–3.6 μg1-1 DPCSV [208]

AuNPs/MIP/GCE 0.1 0.4–3400 DPV [209]

pPABSA/GCE 2.266 2.5–300 SWV [210]

MWCNT-IL/GCE 0.16 0.5–98.0 DPV [211]

SiO2@TiO2@MIP/CPE 0.0012 0.010–40 DPV [212]

MB/RNA/Au 2.0 20 – 100 DPV [213]

SPE 10 55–110 CV [214]

GC/HDA/ERGO 0.0029 0.05–40.0 DPV [215]

GQD/SPE 0.2 1.0–700.0 DPV [216]

PFA/GR/GCE 0.03 0.2–100 DPV [217]

MWNTs/Au/poly-L-lysine 2.0 10–200 SWV [218]

graphene/Nafion/GCE 0.006 0.01–1.0 DPV [219]

SPE 0.03 0.40–100 MPA [220]

P (L-Asp)/fMWCNT/GCE 0.02 0.1–50 DPV [221]

poly(CTAB)/GCE 0.11 0.5–1000 DPV [222]

ssRNA/NPGs/GC 1.2 2.0–50.0 DPV [223]

ThOx/SAM-modified Au
ThOx/DDAB on Gr
ThOx in Os-polymer on Gr

2000
200
20

2000–3000
200–8000
20–600

AM
AM
AM

[224]

MIP/GCE 0.32 0.4–17 AM [225]

MWCNT-PE 0.0197 2.0–150 DPV [226]

MIP/CNPs–SO3H/GCE 0.0014 0.05–30 CV [227]

GNP–CHIT/r-GO/GCE 0.000132 0.0025–2.1 DPV [228]

MWCNT/GCE 0.05 0.3–10 CV [199]

GNP/l-cys/Gr/Nafion/GCE 0.0004 0.004–60.0 DPV [229]

Split RNA aptamers/AuNPs 0.07 0.1–80 SWV [230]

MnOx/NH2-IL/Chit/GC 0.05 > 120.0 DPV [231]

LMC/Nafion/GCE 0.37 0.8–180.0 DPV [232]

MWNTsmulti-walled carbon nanotubes, GCE glassy carbon electrode, MnO2 mangenesium oxide, CdSe cadmium selenide, ACNT aligned carbon
nanotube, HMDE hanging mercury drop electrode, AuNPs gold nanoparticles, MIP molecular imprinting polymer, pPABSA poly para amino benzene
sulfonic acid, IL ionic liquid, SiO2@TiO2 silicon dioxide@titanium dioxide,MB-, SPEscreen-printed electrode,HAD 1,6-hexadiamine, ERGO reduced
graphene oxide,GQD graphene quantum dot,PFA poly(folic acid),GR graphene,P (L-Asp) poly(L-aspartic acid), fMWCNT functionalizedmulti-walled
carbon nanotube, CTAB cetyltrimethylammonium bromide, ssRNAsingle-stranded RNA, ThOx theophylline oxidase, SAMself-assembled monolayer,
DDAB didodecyldimethylammonium bromide, Os osmium, PE paste electrode, CHIT chitosan, LMC large mesoporous carbon
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electrodes, the electrical signal of the modified electrode ex-
hibited significant sensitivity (up to 2 times). This positive
effect is shown at two concentrations (0.01 and 0.001 M) in
Fig. 17. The analytical parameters are achieved as 3.03 and
5.0–20000 μM for detection limit and linear range, respective-
ly. In another electrochemical approach, Lavanya and co-
workers [238] detected CBZ on the screen printed carbon
electrode modified by iron doped tin dioxide nanoparticles
(SPE/Fe/SnO2) with a detection limit of 92 nM in pharmaceu-
tical products. The immobilization of Fe/SnO2 was carried out
using the dropwise addition of its homogeneous suspension
on SPE. As depicted in Fig. 18 I, II, during the modification of
the electrode surface, the current of oxidation peak at 0.6 V vs.
Ag pseudo-reference electrode was increased. The maximum
anodic current was observed using 5 wt% of Fe–SnO2/SPCEs.
The various designed electrochemical sensors accompanied
with analytical parameters and type of electrodes as well as
the application methods are presented in Table 6.

Electrochemical detection of isoproterenol

To the best of our knowledge, 1, 2-dihydroxybenzenes, or
catechol derivatives can be oxidized (-2H+, -2e-) at the surface
of electrodes and converted to o-benzoquinones compounds
[250–252]. Therefore, the measurement of IP level as NTI
drug is achieved via electrochemical method. Mazloum-
Ardakani applied electrocatalytic approaches (EC’ mecha-
nism) for electrochemical sensors. In EC’ mechanism, the
electrode device has catalytic activity for isoproterenol (IP)
detection and the presence of IP cause significant increase in
the oxidation peak current [253, 254]. In one of these attitudes
in 2015, the glassy carbon electrode (GCE) was modified with
gold nanoparticle (AuNP) and then immersed in 3,4-
dihydroxyphenyl-azo-2-thiophenol (DAT) solution [254].
The DAT was covalently connected to AuNP via the sulfur
functional group (Fig. 19I). The results indicated that the IP
(0.05 mmol/L) is oxidized at 0.35 V vs SCE on the bare GCE

Fig. 14 (A) Synthesis of
ferrocene-carboxylic acid N-
hydroxysuccinimide ester and (B)
surface modification of the RNA
aptamer, immobilized at the elec-
trode, with a Fc probe. (C)
Schematic representation of the
electrochemical RNA aptamer-
based sensor for theophylline
[202]
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surface and the catalytic mechanism was observed for the
oxidation of IP at GCE/AuNP-DAT(Fig. 19II). In the absence
of IP, a weak oxidation peak was observed at 0.21 V vs SCE.
Based on DPV diagrams in different IP concentrations, 1–
1500 and 0.46 μmol/L was obtained for linear range and de-
tection limit, respectively. Conductive polymers accompanied

with nano-carbon materials can enhance the sensitivity of IP
detection. Palakollu and coworkers [255] fabricated the mod-
ified GCE with poly-(acid yellow 9) (PAY), β-cyclodextrin
(β-CD), and graphene oxide (GO). After polishing and
cleaning of GCE, repetitive cyclic voltammetry (10 cycles)
of 0.25 M AY was performed in the range of − 0.5 to 2.0 V

Fig. 15 (I) The stepwise of the synthesis of PLCY/N-CNT/GCE and the
electrochemical oxidization of THEO and CAF. (II) Cyclic voltammo-
grams for 10 μM theophylline and 20 μM caffeine in 0.01 M H2SO4-

Na2SO4 (pH 1.70) at bare GCE (a, the blank curve), N-CNT/GCE (b, the
red curve), PLCY/GCE (c, the green curve), and PLCY/N-CNT/GCE (d,
the blue curve) [203]
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in 0.1 M PBS (pH = 7.0) solution. The PAY was successfully
coated on GCE, and the β-CD/GO composite was
immobil ized via drop cast ing method (Fig. 20) .
Electrochemical impedance spectroscopy (EIS) and cyclic
voltammetry (CV) have been performed for characterization
of GC modified electrode. For redox probe [Fe(CN)6]

3-/4- at
β-CDGO/PAY/GCE, the diameter of the semicircle in the
Nyquist (charge transfer resistance (Rct)) diagramwas reached

to the minimum value (Fig. 21A, curve f). This was attributed
to the excellent conductivity and high electron transfer rate of
the PAY and β-CDGO, respectively. Also, this phenomenon
was confirmed via voltammetry and electrical current reduc-
tion (Fig. 21B, curve f). This collection (β-CDGO+ PAY) has
the synergistic effect for determination of IP in urine samples.
For simplification, electrochemical approaches with analytical
details are presented in Table 7.

Table 6 The comparison of different reported nano electrochemical sensors for the determination of CBZ

Electrode Detection limit (μM) Linear range (μM) Method Ref.

TiO2NPs/Nafion/GCE 0.054 0.4–12 DPV [239]

GCE Water: 4.65
Ethanol: 38.1

Water: 3–500 μg/mL
Ethanol: 11–600 μg/mL

DPV
DPV

[240]

MWCNTs/GCE 0.04 0.13–1.60 CV [241]

fullerene-C60/GCE 0.0162 0.09–10 DPV [242]

GR/MWCNT/CILPE 0.233 1–60 DPV [243]

GCE/ERGO–SWCNT 0.029 0.05–3 Amperometry [244]

[BnMIM]PF6/CPE 0.98 7.0–700 DPV [245]

GCE DMF: 0.76 μg mL-1

ACN: 0.92 μg mL-1
DMF: 20–200 μg mL-1

ACN: 20–200 μg mL-1
DPV
DPV

[246]

Au@AgPdNPs-β-CD-IL/GCE 0.089 0.5–90 SWV [247]

Au 0.01 mol dm−3 0.1–100 mol dm−3 CV [248]

BSA/GCE 1 μg/mL 2.0–23.6 μg/mL DPV [249]

CILPE carbon ionic liquid paste electrode, ERGO electrochemically reduced graphene oxide, SWCNT single walled carbon nanotube, [BnMIM]PF6-
1benzyl-3-methylimidazole hexafluorophosphate, β-CD β-cyclodextrin, BSA bovine serum albumin

Fig. 16 (a) Schematic representation of the synthesis of graphene
decorated with Au nanoparticles by over an Au/MgO catalyst; (b) the
process used to deposit graphene-AuNPs composite over the top surface

of a gold electrode to be further used in an electrochemical setup for the
detection of carbamazepine [237]
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Electrochemical detection of levothyroxine

The electrochemical response (i.e., oxidation and reduction)
of levothyroxine can be investigated using cyclic votammetry
and differential pulse voltammetry techniques. It can be ac-
complished thorough variety of sensing platforms such as sur-
factant modified carbon paste and silver electrodes [278–280].
Lotfi and coworkers applied HPLC and electrochemical
(DPV) approaches for the detection of levothyroxine (T4) in
real samples [281]. The homogeneous suspension of multi-
walled carbon nanotubes (MWCNT) modified with gold
nanoparticles/ mercaptoethanol/ melamine was cast onto a
cleaned glassy carbon electrode. For electrochemical mea-
surement, the relative recovery and relative standard deviation
(RSD) values are comparable with HPLC results. By combi-
nation of electrochemical procedures with either liquid

chromatography, high-performance frontal analysis (HPFA),
electrospray ionization-mass spectrometry, capillary electro-
phoresis or luminescence attitudes, some reliable, fast, and
high precision methods for medical or clinical diagnostic can
be achieved [282–286]. Li and coworkers obtained a low de-
tection limit (1.0 ng/mL) via immunoassay-electrochemical
approach, and their results were more satisfactory than spec-
trophotometric enzyme-linked immunosorbent immunoassay
(ELISA) method [287]. He and coworkers indicated that the
oxidation peak current of thyroxine at the carbon paste elec-
trode significantly increased in the presence of cetyltrimethyl
ammonium bromide (CTAB) [288]. In addition to CTAB, two
surfactants such as TritonX-100(TX-100) and Sodium
Dodecyl Sulfate (SDS) were used to reinforce electrochemical
responses (cathodic and anodic current) [278]. The remark-
able features of multi-walled carbon nanotube (MWNT) films,
such as high activity and improved conductivity, can present a
high sensitive platform for detection of T4 in blood and urine
samples. In a study performed by Prasad and coworkers, de-
tection of T4 enantiomers (D- and L-thyroxine) have been
carried out via modification of silver electrode with a multi-
layer of molecularly imprinted polymer (MIP) [289]. In this
study, layer-by-layer strategy was used in fabrication proce-
dure. In the first step, a mixture composed of monomer (1,3-
diacryl urea), template (D- and L-thyroxine), cross linker (eth-
ylene glycol dimethacrylate (EGDMA)), reducing agent
(triethylamine (TEA)), catalyst (CuCl2- 2,2’bipyridyl (bpy)-
complex), and initiator (chloroform (CHCl3)) was prepared
and then stirred in presence of carbon powder in dimethyl
sulfoxide (Fig. 22). By performing this step in triplicate, three
layers were coated, and D- and L-thyroxine has been extracted
by submerging the modified electrode into ethanol–
ammonium hydroxide (1:2, v/v) mixture. To ensure complete

Fig. 17 LSVs recorded with Au (blue line) and Au-GR-AuNPs electrode
(red line), respectively, in electrolyte containing various concentrations of
carbamazepine (10-2 and 10-3 M), with scan rate 25 mV s-1 [237]

Fig. 18 (I) Anodic scan of CVs of 50 μM CBZ at (a) bare SPCE, (b)
SnO2, (c) 1 wt.%, (d) 3 wt.%, and (e) 5 wt.% Fe–SnO2/SPCEs in 1 M
PBS (pH 7.0) at a scan rate of 50 mV s−1. Inset shows the entire CV cycle

of 5 wt.% Fe–SnO2/SPCE. (II) Schematic representation of Fe–SnO2/
SPCE for the detection of CBZ [238]
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Table 7 The comparison of different nano modified electrodes with its analytical parameters for the determination of IP

Electrode Detection limit (μM) Linear range
(μM)

Method Ref.

HGGCE 0.5 μM 1.0–800 μM SWV [256]
ZnO/NP/IL/CPE 0.09 μM 0.3–320 μM SWV [257]
DHB/CNT/CPE 1.24 μM 10–6000 μM DPV [258]
CD-TMCPE 0.47 μM 0.5–1000 μM DPV [259]
EFTAG-CPE 0.034 μM 0.1–400 μM SWV [260]
NYB/CNP/RGO/CPE 0.065 μM 0.5–1000.0 μM DPV [253]
1,4-BBFT/IL/GPE 12.0 nM 0.06–700 μM SWV [261]
CuNPs- GO-CB-PEDOT:PSS/GCE 1.9 μM 8.0–50 μM SWV [262]
GQDs/SPE 0.6 μM 1.0–900.0 μM DPV [263]
2,7-BFCNPE 26.0 ± 2 nM 0.08–700 μM DPV [264]
PGRMMWCNTPE 0.47 μM 0.8–570 μM SWV [16]
MWCNTPE 0.09 μM 0.3–450.0 μM LSV [265]
Lac-SiSG/MWCNT/GCE 0.18 μM 50.0–250.0 μM DPV [266]
MWCNTILE 0.85 μM 1.0 to 520 μM DPV [267]
GME 0.064 μM 0.21–100 μM CV [268]
3,4'-AAGCPE 0.012 μM 0.025–20 μM SWV [269]
5ADMBCNPE 39.0 nM 20–400 μM SWV [270]
MC-CNPE 35.0 nM 0.7–600.0 μM DPV [271]
FCMWCNTPE 0.07 μM – DPV [272]
MCSILCPE 0.63 μM 1.0–700 μM DPV [273]
poly(1-methylpyrrole)-
DNA/GCE

0.16 μM 2.0–60 μM CV [274]

CuHCF/CPE 80.0 μM 196–1070 μM CV [275]
DDF-CNT-TiO2/IL/GC 28 ± 2 nM 0.1–1300 μM DPV [276]
5ADBCNPE 0.2 μM 0.4–900 μM SWV [277]

ZnO zinc oxide, ILCPE carbon paste electrode modified, HGGCEhematoxylin/graphene modified glassy carbon electrode with ionic liquid, NP
nanopart icle , DHB 2-((7-(2,5-dihydrobenzylideneamino)heptyl imino)methyl) benzene-1,4-diol , CD-TMCPE (E)-2-((2-
chlorophenylimino)methyl)benzene-1,4-diol TiO2 nanoparticles modified carbon paste electrode, EFTAG graphene and ethyl 2-(4-ferrocenyl-
[1,2,3]triazol-1-yl) acetate, NYB (Z)-4-(naphthalen-1- ylimino methyl) benzene-1, 2-dio, 1,4-BBFT 1-(4-bromobenzyl)-4-ferrocenyl-1H-[1,2,3]-triazole,
CB carbon black, PEDOT:PSS poly(3,4- ethylenedioxythiophene)-poly(styrenesulfonate), 2,7-BFCNPE 2,7-bis(ferrocenyl ethyl)fluoren-9-one modi-
fied carbon nanotube paste electrode, PGRMMWCNTPE pyrogallol red modified-multiwalled carbon nanotube paste electrode, MWCNTPE modified
multiwall carbon nanotube paste electrode, Lac-SiSG laccase silica sol–gel, MWCNTILE multiwall carbon nanotubes ionic liquid electrode,
GMEgraphene-modified glassy carbon electrode, 3,4'-AAGCPE 3-(4'-amino-3'-hydroxy-biphenyl-4-yl)-acrylic acid modified graphene oxide nano
sheets paste electrode, 5ADMBCNPE 5-amino-20,40-dimethoxybiphenyl-2-ol, MC-CNPE modified carbon nanotube paste electrode, FCMWCNTPE
ferrocene multi wall carbon nanotubes paste electrode, MCSILCPE carbon paste electrode modified with ionic liquid (n-hexyl-3-methylimidazolium
hexafluoro phosphate) and magnetic core-shell nanoparticles, 2CBFCPE-2 chlorobenzoyl ferrocene modified carbon nanotube paste electrode, CuHCF
copper(II) GU(III), DDF 9-(1,3-dithiolan-2-yl)-6,7-dihydroxy-3,3-dimethyl-3,4-dihydrodibenzo[b,d]furan-1(2H)-one, 5ADBCNPE carbon paste elec-
trode modified with 5-amino-3,4-dimethylbiphenyl-2-ol and carbon nanotube

Fig. 19 (I) The schematic representation of electrochemical reactions of
DAT, and the electrocatalytic oxidation of IP at the GCE/AuNP-DAT.
(II) Cyclic voltammograms obtained in the presence of IP (0.05 mmol/L)
at (1) the GCE/AuNP-DAT, (2) the bare GCE, and (4) the GCE/

AuNPs;(3) Cyclic voltammogram measured for GCE/AuNP-DAT in
the absence of IP. In all cases the supporting solution was PBS (0.1
mol/L, pH = 7.0), and the scan rate was 20 mV/s [254]
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removal of the D- and L-T4 molecules and formation of MIP
cavities, the sensing platform must have no electrical signal of
the D- and L-T4 in the absence of D- and L-T4(Fig. 23). This
attitude indicated low detection limits (0.0060 ng mL−1 for L-
and 0.0062 for D- T4 by differential pulse anodic stripping
voltammetric method.

Electrochemical detection of warfarin sodium

The electrochemical oxidation process of warfarin has been
performed at different electrode surfaces by Gholivand and
coworkers [290, 291]. The number of electrons and protons
at the surface of magnetic Fe3O4 nanoparticles modified car-
bon paste electrode (Fe3O4/CPE) was 2e

- and 1H+. However,
these values were different at the carbon paste electrode which

was modified by β-cyclodextrin/ multi-walled carbon
nanotubes/cobalt oxide nanoparticles (β-CD/MWCNTs/
Co3O4NPs/CPE) and it was reported as 2e

-/2H+. For detection
and determination of warfarin in real, biological, and pharma-
ceutical samples, there are many electrochemical sensors
which can be modified with multi-walled carbon nanotubes
and metal oxide nanoparticles [290], magnetic nanoparti-
cles [292, 293], molecularly imprinted polymers [294,
295], ionic liquids [296], chitosan, and quantum dots
[297]. For example, Gholivand and coworkers [297]
constructed a warfarin sensor in which CdS-QDs were
covalently bonded to the amino group (-NH2) of CS
and carboxylic acid (-COOH) moiety of functionalized
MWCNT. In addition, the surface of CdS-QDs was cov-
e r ed by cys t e i ne (F ig . 24 ) . E l e c t r o chemica l

Fig. 20 Schematic representation of stepwise preparation of β-CD-GO/PAY/GCE [255]

Fig. 21 (A) EIS spectra of 0.1 M KCl containing 2.5 mM [Fe(CN)6]
3-/4-

at (a) GCE, (b) PAY/GCE, (c) GO/PAY/GCE, (d) GO/GCE, (e) β-CD-
GO/GCE and (f) β-CDGO/PAY/GCE. Inset- Randles equivalent circuit

model. (B) Cyclic voltammograms at (a) GCE, (b) PAY/GCE, (c)GO/
GCE and (d) β-CDGO/GCE (e) GO/PAY/GCE and (f) β-CD-GO/PAY/
GCE in 0.1 M PBS (pH 7.0) containing 0.2 mM IP [255]
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investigations of the modification steps have been per-
formed by cyclic voltammetry technique. The maximum
oxidation peak current of warfarin is achieved at the
QDs/CS/MWCNTs/GCE (Fig. 24 curve d). The detec-
tion limit and linear range are obtained as 0.0085 μM
and 0.050–80 μM, respectively. In Table 8, a comparison of
the major characteristics such as detection limit, linear range,
sensing platforms, and determination methods of some elec-
trochemical warfarin sensors have been reported.

Electrochemical detection of digoxin

Digoxin can produce an electrical signal when the potential is
scanned between two ranges, and the height of peak current is
depended on the digoxin concentration (IDigoxin α CDigoxin)
[302]. The modified electrode can act as a sensor for detection
of low levels of digoxin in biological and pharmaceutical
samples. Aptasensors and immunosensors are attractive elec-
trochemical approaches for the determination of digoxin in

Fig. 22 Suggested enantioselective binding mechanism of D- and L -T4 in their respective MIP cavities [289]
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blood plasma samples. Ahmadi and coworkers [303] present-
ed a competitive electrochemical immunosensor. In this study,
the two paths for stepwise fabrication of sensing platform
were reported (Fig .25). In the first strategy (Fig. 25 steps a
and b), immobilization of poly-vinyl aniline (PVA), second-
ary antibody on screen-printed electrode, and surface blocking
via 0.5 % BSA was performed. In the second assay (Fig. 25
step c), synthesis of nanospheres with magnetic cores (Fe3O4-
NPs) via co-precipitation procedure, and fabrication of Fe3O4-
Au-NPs was carried out. Then, (Fig. 25 step d), the immobi-
lization of antibody (digoxin-bovine serum albumin (BSA))

onto the Fe3O4-Au-NPs had been performed in Tris–HCl
buffer (pH 7.4, 0.05 M) solution and the peroxidation of Au-
NPs was carried out at the constant potential of + 1.30 V in 1
mol/l hydrochloric acid. Finally, the reduction of
Au3+(AuCl4

-) to Au(0) as electrical signal was detected (Fig.
25 step e). Owing to non-electroactivity of PVA and second-
ary antibody-PVA, no cathodic current was observed (Fig. 26
curve b) but, the electrical signal is reinforced at the surface of
secondary antibody-PVA-Fe3O4-Au-NPs/SPE and it is
reached the highest value for digoxin-Fe3O4-Au-NPs/SPE
(Fig. 26 curve e). At optimized condition of designed

Fig. 23 Suggested enantioselective binding mechanism of D- and L -T4 in their respective MIP cavities [289]
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immunosensor, 0.5–5 ng mL-1 and 0.05 ng mL-1 were obtain-
ed for linear range and detection limit, respectively.

Signal on/off electrochemical aptamer-based(EAB) sen-
sors are another approach for detection of digoxin in urine
and blood plasma samples. Bagheri and co-workers used a
sensing platform in which the thiolated digoxin aptamer was

coated onto the gold nanoparticles deposited fluorine-doped
tin oxide (GNPs/FTO) surface [304]. They accumulated meth-
ylene blue (MB) as a redox label and in the presence of di-
goxin, the MB current was decreased (signal off). This effect
was observed because binding of the aptamer to digoxin can
desorb some of the MB molecules which were previously

Table 8 The comparison of different nano modified electrodes with its analytical parameters for the determination of warfarin

Electrode Detection limit (μM) Linear range (μM) Method Ref.

β-CD/MWCNTs/Co3O4NPs/
CPE

0.02 0.05–150 DPV [290]

PVC Ferroin-based membrane sensors 2.59 19.4–9729.8 Potentiometry [298]

MWCNT/ZnCrFeO4/CPEs 0.003 0.02–920.0 DPV [293]

AuNP/MIP/f-MWCNT/GCE 0.024 ng mL−1 0.031–0.616 ng mL−1 SWV [294]

MIP/NPAMW 5.0 5.0–400.0 DPV [299]

MIP/NPGL/GE 4.1 × 10−5 1 × 10−4–8 × 10−2 CV [295]

MWCNTs/CoHCF/IL/CPE 0.3 1.0–100.0 DPV [296]

BDDE
BDDE

0.16
0.10

4.0–400.0
2.0–200.0

FIA-MPA
BIA-MPA

[300]

HMDE 6.5 × 10−4 5 × 10-3–4 × 10−1 SWAdCS [301]

Fe3O4/CPE 0.21 0.5–1000 SWAS [291]

CdS-QDs/CS/MWCNTs/GCE 0.0085 0.05–80 DPSV [297]

MWCNTs/MnFe2O4/CPE 0.08 0.10–447.0 DPV [292]

β-CD β –cyclodextrin, MWCNTsmulti-walled carbon nanotubes, Co3O4NPs cobalt oxide nanoparticles, CPE carbon paste electrode, ZnCrFeO4 zinc
chromium ferrite,MIPmolecularly imprinted polymer, GCE glassy carbon electrode, DPV differential pulse voltammetry, SWV square wave voltamm-
etry, NPAMWAu–Ag alloy microwire, NPGL nanoporous gold leaf, IL ionic liquid, CoHCF cobalt hexacyanoferrate, CV cyclic voltammetry, FIA and
BIA flow and batch injection analysis, BDDEboron-doped diamond electrode, MPAmultiple-pulse amperometric, SWAdCSsquare-wave adsorptive
cathodic stripping voltammetry, HMDE hanging mercury drop electrode, SWAS square wave anodic stripping, CdS-QDsCdS-quantum dots, CS
chitosan, DPSV differential pulse stripping voltammetry

Fig. 24 (A) Schematic representation of the stepwise fabrication process
of Cd QD/CS/MWCNT/GC electrode. (B) The CVs response of 5 μM
warfarin solution at the (a) bare GCE, (b) MWCNTs/GCE, (c) CS/

MWCNTs/GCE and (d) QDs/CS/MWCNTs/GCE (curve d) in PBS
(0.1 M, pH = 2.0) at scan rate = 100 mV s−1 [291]
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adsorbed on the surface of the aptamer. Recently, Wijesinghe
and coworkers designed a signal on aptasensor for detection
of digoxin [305]. As shown in Fig. 27, the reduction current of
the MB was increased in the presence of digoxin. The confor-
mation of the aptamer was changed and the methylene blue
was brought closer to the electrode surface.

Other electrochemical nano sensor and biosensors of
NTI drugs

The usability of electrochemical approaches for detec-
tion of narrow therapeutic index drugs has been proven
and comprehensive information from the designed

Fig. 25 Schematic representation of a direct competitive electrochemical immunosensor fabrication process [303]

Fig. 26 Cyclic voltammograms
of the different modified electrode
measured in 1 M HCl at the
potential range of 0.0 to +1 V and
the scan rate of 50 mV s-1: (a)
bare electrode, (b) PVA, (c) sec-
ondary antibody-PVA, (d) sec-
ondary antibody-PVA-Fe3O4-
Au-NPs, and (e) digoxin-Fe3O4-
Au-NPs and anti-digoxin anti-
body on secondary antibody-
PVA [303]
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sensors and biosensors has been reported. In addition to
the mentioned NTI drugs, disopyramide, gentamicin,
gluconate, guanethidine, metaporterenol, minoxidil, phe-
nytoin, prazosin, theophyllinate, valproic acid, vancomy-
cin, and warfarin sodium have been extensively and
partially measured by different electrochemical tech-
niques and sensing platforms. In Table 9, the studied
electrodes, their targets, and their relevant analytical pa-
rameters such as detection limit and linear range are
reported.

Conclusion and future prospects

In this review, a comprehensive overview for detection
of NTIDs using nano-optical and electrochemical sen-
sors and biosensors was provided. The aim of this re-
view is to create a comprehensive basis for further de-
velopment of novel nano sensors and biosensors for

detection of NTIDs, especially those that have received
less attention. Both optical and electrochemical sensors/
biosensors have their own advantages and disadvan-
tages. But considering all aspects, electrochemical tech-
nology seems to be a better candidate for fabrication of
(bio)sensors to detect NTIDs because of its high poten-
tial for portability, miniaturization, and commercial ca-
pability. Nano-(bio)sensing technology as a powerful
point-of-care diagnostic tool has opened a new approach
to monitoring the concentrations of these NTIDs.
Considering the clinical demands, the application of
nano(bio)sensing technology in detection of NTIDs can
be commercially available as pregnancy tests and glu-
cose monitoring (bio)sensors that have been used for
decades. However, before the coming of this future,
several challenges need to be addressed including lack
of one outstanding technique in (bio)sensing approach
that is set to become the gold standard for monitoring
of NTIDs and providing a high level of standardization,

Fig. 27 (I) Schematic illustration
of signal-on digoxin sensor, and
(II) square wave voltammetry
(SWV) responses for MB before
and after exposure of aptamer
electrode to 5.0 ng/mL digoxin
for 480 min [305]
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Table 9 The overall results of some nano sensors and biosensors for NTIs drugs detection with analytical parameters

Electrodes Target LR (μM) Method LOD (μM) Reference

Ion-selective electrode Disopyramide 0.5–25 PM 0.8 [306]

HMDE Disopyramide 0.0715–1.43 SWCAdSV 0.0565 [307]

GCE Disopyramide > 120 DPV 1.27 [308]

TTF-GADH-MPA-AuE Gluconic acid 0.6–20 AM 0.19 [309]

GK+CK+CRE+SAOX+

HRP/MWCNT

nanocomposite electrode

Gluconic acid 4.0–620 AM 2.6 [310]

PEDGE/PANIPAAMPSA/SPCE Gluconic acid 0.005–0.10 mM AM 0.003 mM [311]

MQO-TTF-AuNPs-SPCEs Gluconic acid 0.79–437.06 AM 0.79 [312]

Epoxy-graphite-Ps Gluconic acid 7.0-250 AM – [313]

SPCE/GADH Gluconic acid 9.0–131.4 CHA 9.0 [314]

SPCE Gluconic acid 7.46–71.43 CHA 7.46 [315]

MDWE Guanethididne – SV 0.992 ng/cm3 [316]

AuNPs/GCE Metaproterenol 0.001–10 DPV 0.00003 [317]

ITONPs/MWCNTs/GCE Metaproterenol 0.03–22 DPV 0.0012 [318]

– Minoxidil 500 pg–10 ng/ml HPLC-EC 500pg/ml [319]

MIP–CPE Minoxidil 0.001–0.4 DPV 0.0003 [320]

AgNPs/MIP/GCE Minoxidil 0.03–500 ASSWV 0.01 [321]

GCE Minoxidil 0.1–100 FIA-AM 2.2 [322]

CdSe QDs-IL-GPE Minoxidil 0.01–8.0 DPV 0.0055 [323]

HMDA Minoxidil 0.005–2.5 AdsCSV 0.002 [324]

GCE Minoxidil 0.3–100 ng/ml HPLC-AM 0.3ng/ml [325]

Au/GCE Phenytoin 0.5–200 DPV 0.302 [326]

Nafion-loaded CPE Phenytoin 0.2–5 SWV 0.2 [327]

BDD Prazosin 2.0–200 MPA 0.5 [328]

PVC membrane Prazosin 10–10000 PM 6.3 [329]

NMCPE Prazosin 0.00004–0.04 AdS-DPV 0.00003 [330]

(PVC) membrane Prazosin 2.7–10000 PM – [331]

APTES-MNPs/PGE Valproic Acid 1.0–100 ppm DPV 0.4ppm [332]

HMDE Valproic Acid 146–1000 SqWV 109 [333]

– Valproic Acid 0.36–14.4 μ g/mL HPLC-ECD 0.11 μg/mL [334]

– Vancomycin 5.0–100 μ g/mL HPLC-ECD 0.5 μ g/mL [335]

AuNS–G–SPE Vancomycin 1–100 DPV 0.29 [336]

GR-GC Vancomycin 0.70–50 SWV 0.20 [337]

DME Vancomycin 15−60 M DPP 1.8 [338]

NIP/sol–gel/MWNT/Au Clindamycin 0.5–80 Amperometric 0.0244 [339]

AuNPs-GO-CTS-ECH/GCE Clindamycin 0.95–140 SWV 0.29 [340]

Ion selective electrode Clindamycin 316-316000 Potentiometric – [341]

Au microelectrode Clindamycin 4–42 pg/ml FFTCV 1.3 pg/ml [342]

CPE Clindamycin DP: 86–430 ng/ml

SW: 90–813 ng/ml

DP and SW DP: 32.60 ng/ml

SW: 90.73 ng/ml

[343]

GCE Clindamycin 0.045–0.900 μg HPLC-DPV 100 pg [344]

PM potentiometry, SWCAdSVsquare-wave cathodic adsorptive stripping voltammetric,HMDE hanging mercury drop electrode, TTF tetrathiafulvalene,
GADH gluconate dehydrogenase,MPA3-mercaptopropionic acid, AuE gold electrode,GK gluconate kinase, CK creatine kinase, CRE creatinase, SAOX
sarcosine oxidase, HRP peroxidase, PEDGE diglycidyl ether, PANI polyaniline, PAAMPSA poly(2-acrylamido-2-methyl-1-propane sulfonic acid),
SPCEscreen-printed carbon electrode, AM amperometric, MQO malate quinone oxido-reductase enzyme, TTF tetrathiafulvalene, GADH gluconate
dehydrogenase, MDWE mercury drop working electrode, CHA chronoamperometric, SV stripping voltammetry, DPV differential pulse voltammetry,
ITONPs indium tin oxide nanoparticles,HPLChigh-performance liquid chromatography, EC electrochemical detection, ASSWV anodic stripping square
wave voltammogram, FIA flow injection analysis, AdsCSV adsorptive cathodic stripping voltammetry, CP chronopotentiometry, ISMEion-selective
membrane electrodes, BDDboron-doped diamond, MPAmultiple-pulse amperometric, PM potentiometric, AdS-DPV adsorptive stripping-differential
pulse voltammetry, PVC polyvinylchloride, APTES 3 aminopropyletriethoxy silane coated, MNPs magnetic nanoparticles, DME dropping mercury
electrode, DPP differential pulse polarography, NPAMW 3D nanoporous Au–Ag alloy microwire, NPGL nanoporous gold leaf, CS chitosan, DPSV
differential pulse stripping voltammetry, BDDEboron-doped diamond electrode, MPAmultiple-pulse amperometric, SWAdCSsquare-wave adsorptive
cathodic stripping, SWASV square wave anodic stripping voltammetry, FFTCV fast Fourier transformation with cyclic voltammetry, DP differential
pulse, SW square wave
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quality control, and validation which are considered as
the main requirements which should be met in the med-
ical industry, particularly therapeutic drug monitoring.
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