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Due to the high bacterial resistance to antibiotics (AB), it has become necessary to adjust the dose aimed at personalized

medicine by means of therapeutic drug monitoring (TDM). TDM is a fundamental tool for measuring the concentration of

drugs that have a limited or highly toxic dose in different body fluids, such as blood, plasma, serum, and urine, among

others. Using different techniques that allow for the pharmacokinetic (PK) and pharmacodynamic (PD) analysis of the

drug, TDM can reduce the risks inherent in treatment. Among these techniques, nanotechnology focused on biosensors,

which are relevant due to their versatility, sensitivity, specificity, and low cost. They provide results in real time, using an

element for biological recognition coupled to a signal transducer.
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1. Introduction

The discovery of antibiotics (AB) ushered in a new era of progress in controlling bacterial infections in human health,

agriculture, and livestock   However, the use of AB has been challenged due to the appearance of multi-resistant

bacteria (MDR), which have increased significantly in recent years due to AB mismanagement and have become a global

public health problem . More than 70% of bacteria are resistant to all or some of the known AB , creating the need for

the development of new types of AB or the use of antimicrobial therapies with highly toxic “last-line” drugs to achieve

effective treatment, mainly in critically ill patients . According to the literature, it is estimated that, by 2050, antimicrobial

drug resistant infections could kill 10 million people worldwide each year and cost around USD 100 trillion without the

production of new molecules .

In order to stop this growing number of MDR infections, the World Health Organization (WHO) has established a series of

measures among which are controls on the sale, administration, and dosage of AB . Due to the fact that currently most

doses are uniformly delivered to patients without taking into account the progress of the infection and the clinical picture,

treatment failures are generated, which could lead to sub-therapeutic or toxic doses . Among the solutions is the

implementation of therapeutic drug monitoring (TDM), which can quantify drugs with a narrow therapeutic index (TI) that

have high toxicity by tracking pharmacokinetic (PK) changes .

Monitoring techniques include single or mass-coupled chromatographic methods with a variety of detectors, including

ultraviolet or fluorescent detectors (specified below) and immunoassays . Many of these techniques have been

approved by the Food and Drug Administration (FDA) of the United States . However, they are expensive techniques

that require specialized laboratories and trained personnel. An innovative solution to this problem is the use of

nanobiotechnology, specifically biosensors that allow the measurement of drugs in body fluids (especially in blood,

plasma, serum, and urine) . These have become a new alternative as a specific, sensitive, and low-cost devices that

can be miniaturized to be taken to the patient’s bedside and easily operated by doctors or health personnel .

The main advantages of biosensors are a low sample volume, minimally invasive methods for sample collection, reduced

reagent consumption, short analysis time, multiple analyte detection, and portability . These features make them a

new alternative for individualized therapy in real time, allowing timely decision making . Therefore, health and economic

sectors are benefiting of the use of nanobiosensors, reducing the residence times of patients in hospitals, lowering the

cost of treatments, and reducing MDR strain infections that generate high cost on health systems worldwide .

According to this, monitoring with biosensors is a tool with many advantages, and this kind of devices will become

indispensable equipment in clinical use, contributing to the reduction of hospital costs of the health system .

Electrochemical and optical biosensors are the most used types of biosensors for the quantification of AB in different

matrices. These have been used in the quantification of vancomycin , tobramycin, doxorubicin , and kanamycin ,

among others in different matrices with low detection limits in the microgram to nanogram range.
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2. Therapeutic Drug Monitoring (TDM)

TDM has been used since the early 1970s to personalize pharmacotherapy, with the aim of individualizing the dose of a

drug, keeping drug concentrations in body fluids within a target range, minimizing adverse effects on the patient, and

helping health personnel to determine the correct dose . TDM helps to decrease PK variability (effects caused by the

organism on the drug, in terms of absorption, bioavailability, distribution, metabolism, and excretion) and PD variability

(effects of the drug on the organism, studying receptor binding and chemical interactions) . According to WHO reports,

certain criteria allow for determining whether a drug needs to be monitored, including: (i) pharmacokinetic variability, (ii)

adverse and therapeutic effects related to concentration, (iii) narrow therapeutic index, (iv) undefined range of therapeutic

concentration, and (v) difficult to control desired therapeutic effect (Figure 1).

These criteria allow for understanding drug interactions in the body, so they are useful in cases where it is not clear

whether the correct medication is being administered, if drug–drug interactions are occurring, or if poisoning is occurring.

According to the WHO, the drugs that require monitoring are AB (aminoglycosides and glycopeptides, β-lactams,

fluoroquinolones, oxazolidinones, lipopeptides, and polymyxins), anticonvulsants (valproic acid, phenytoin, phenobarbital,

and carbamazepine), cytotoxic drugs (methotrexate), antiarrhythmics (digoxin), and immunosuppressants (cyclosporine),

because they are indispensable drugs for the treatment of a large number of diseases in today’s clinic .

At the same time, TDM has had a positive impact in economic terms, since it has allowed reduce the costs of

hospitalization of patients through an effective dose of the correct medication, gradually eliminating the triggering of future

related pathologies. It also allows clinicians to use drugs with a narrow therapeutic window.

Figure 1. Conditions, advantages, and techniques used for the implementation of therapeutic drug monitoring (TDM).

2.1. Therapeutic Drug Monitoring of Antibiotics as Personalized Medicine

Most drug dosages were defined in healthy adults during the drug development phase  by assessing the condition of a

selective group of patients. However, these characteristics are not representative of all the patients who use these drugs,

due to PK variability . The “one dose for all” strategy is a mistake; it is the cause of death of some patients in health

centers . For correct managing the adverse effects of antibiotics in patients, a strategy directed towards personalized

medicine is being implemented, which allows for determining the dose of the drug depending on the genetic, physical, and

clinical condition of the patient, by means of assessing the concentrations of the drug in different body fluids .

TDM in the management of AB is mainly used to find a personalized dose that allows successful antibiotic therapy, low

probabilities of AR, and minimizes side effects in patients as much as possible. The main groups of AB reported in the

literature that require TDM are aminoglycosides, glycopeptides, β-lactams, fluoroquinolones, oxazolidinones, lipopeptides,

and polymyxins. The PK and PD variability of each patient must be taken into account, and TDM could become necessary

for some AB for which this is not routinely performed, since they can represent a risk to life, as observed in Table 1.

Regarding the groups reported in the literature, aminoglycosides induce nephrotoxicity, ototoxicity, and neuromuscular

blockage due to the presence of a positive charge at physiological pH . Nephrotoxicity is mainly due to the fact that

aminoglycosides are excreted by glomerular filtration, unmodified, and toxicity is mainly due to the absorption of AB in the

epithelial cells of the proximal renal tubules after filtration, causing accumulation of AB, generating morphological and
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functional problems . The toxicity incidence data range between 5 to 25% of treated patients and is related to the

duration of administration and the dose. On the other hand, ototoxicity is mainly manifested by cochlear or vestibular

damage and in most cases is irreversible if it is not detected in time.

The AB classes (e.g., fluoroquinolones, aminoglycosides, lipopeptides) show different measures of exposures, such as

the peak concentration, AUC, and AUC/minimum inhibitory concentration (MIC). These parameters are correlated with the

PK/PD modelling to aid the dose selection and dose optimization of antimicrobial agents. In this way, TDM provides a

higher possibility of clinical success . The measurement in serum/plasma of AB is generally done by chromatography

analysis (HPLC and UV), but other methods can be used, such as nanobiosensors and immunochromatography, which

does not require specialized equipment or toxic solvents .

Thus, it is necessary to establish a dosage regimen in which AB concentrations are measured, especially in prolonged

medication use , considering the minimum and maximum serum concentrations after the third dose. Thus, depending on

the drug, average serum concentration ranges have been established in which the drug is toxic. For example, gentamicin

is nephrotoxic at concentrations >0.5–2 mg/L , tobramycin at >1 mg/L [13] and amikacin at >5 mg/L. Plasma levels

higher than these, could affect the proper functioning of the body and even lead to death.

Another interesting case is the glycopeptides, including vancomycin and teicoplanin. Vancomycin is generally

administered when the bacteria causing the infection are resistant to other lower spectrum AB. Studies have shown that

high plasma vancomycin concentrations increase the risk of ototoxicity and nephrotoxicity, so an average plasma

concentration of 12 to 15 mg/L should be maintained . In addition, recent research has shown that this drug

increases the toxicity of other nephrotoxic AB, such as aminoglycosides, leading to the production of antibodies and

causing thrombocytopenia and bleeding . Regarding teicoplanin, the incidence of nephrotoxicity is lower than in

patients treated with vancomycin, but it is recommended to perform TDM in order to achieve the effectiveness of the

antibiotic with plasma concentrations of <10 mg/L .

In the case of β-lactams, these AB are still widely used in the clinical setting due to the wide therapeutic range and the fact

that they are rarely toxic . However, in recent decades, due to changes in the minimum inhibitory concentration (MIC) of

microorganisms and clinical alterations in critically ill patients, the therapeutic window has been reduced, mainly in the

intensive care unit ICU . The main monitored β-lactams are carbapenems, such as meropenem. According to studies

reported in the literature, toxicity has been reported in critically ill patients with special conditions, such as dialysis

treatment . Fluroquinolones are generally safe AB, but adverse effects are inherent in patients with previous

pathologies related to the gastrointestinal tract, central nervous system, kidneys, and tendons . Furthermore, its

bactericidal activity increases as the concentration of the drug increases in serum, becoming 10 times the MIC . This

makes it possible to generate a risk of overdose or a subtherapeutic action of the drug . According to this, it has become

necessary to monitor this type of drugs depending on the patient’s condition.

Linezolid is an oxazolidinone with a recommended daily dose of 600 mg twice daily and does not require TDM under

current guidelines . In contrast, recent studies have shown that this dose does not reach the therapeutic range in a

considerable number of critically ill patients or those with kidney failure . This is mainly due to changes in protein

binding or drug metabolism, leading to high variability in plasma concentrations . Garrabau et al. determined that,

according to the genetic status of the patient, linezolid can produce mitochondrial toxicity in blood cells and nerve fibers of

the skin . Thus, it is necessary to monitor this type of molecule in patients who are in the ICU .

On the other hand, daptomycin requires TDM depending on the patient’s condition, mainly in septic and critical states .

Recent studies report musculoskeletal toxicity in patients receiving the antibiotic along with statins , with the

presence of rhabdomyolysis after the administration of this drug regardless of dose . In addition, liver damage can

occur due to elevations in serum creatinine phosphokinase . In 2019, Raza and coworkers found what they called a

“rarity among rarities”, but which is currently affecting many patients: daptomycin is capable of inducing eosinophilic

pneumonia, which is caused by the detection of an antigen by alveolar macrophages .

Despite advances and the effort in the search for new molecules, research has focused on determining the PK

parameters of some AB that had been discontinued due to adverse effects, such as colistimethate sodium (CMS), the

prodrug of colistin, in order to find the optimal dose to maintain an adequate benefit-risk balance . Currently, there is

controversy regarding the dose of CMS. The FDA, for example, proposes a recommended dose for colistin in the range of

2.5 to 5 mg/kg, while researchers in Europe recommend doses between 50,000 to 80,000 IU/kg. The simple fact of having

different units has caused confusion amongst clinicians and can lead to overdose, increasing the side effects, or

underdosing with the development of greater resistance and mortality (Table 1) .
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Despite the fact that TDM is used more frequently for AB with a narrow therapeutic window, the interest in using TDM is

increasing due to the raising number of patients for whom the PK of the antibiotic is not defined, causing ups and downs

when controlling the infection (e.g., critical illness, significant comorbidities, the elderly, and extremes of body size) .

This will allow us to take actions to reduce the inappropriate use of AB, in order to control the growing public health

problems that MDR bacteria are generating. To find a solution to this problem, it is necessary to generate strategies that

allow the proper use and administration of these drugs. One of these strategies is the correct dosage of the AB,

considering that most doses are currently delivered uniformly to patients, without taking into account the progress of the

infection and the clinical picture . In recent years, laboratory techniques have been used for measurement and

monitoring of AB molecules.

Table 1. Dose and maximum concentration (Cmax) of antibiotics (AB) that according to the pharmacokinetic (PK)

characteristics require therapeutic drug monitoring (TDM).

Antibiotic Adverse Effects Dose Cmax Ref

Aminoglycosides

Gentamicin

Nephrotoxicity, Neurotoxicity, Ototoxicity

5–7

mg/kg/day

5–10

mg/L
[201,202]

Amikacin
15–20

mg/kg/day

20–35

mg/L
[201,203]

Tobramycin
5–7

mg/kg/day

5–10

mg/L
[201,204]

Glycopeptides

Vancomycin
Nephrotoxicity, Ototoxicity, Severe vesicular

reactions, Hemorrhagic occlusive retinal vasculitis

15–20

mg/kg/12 h

20–50

mg/L
[170,171,205,206]

Teicoplanin Nephrotoxicity, Ototoxicity, Thrombocytopenia   43 mg/L [205,207,208]

Polymyxins

Colistin Nephrotoxicity, Neurotoxicity
150mg

(single dose)

18

µg/mL
[209]

β- Lactamics

Penicillins

Ampicillin-
sulbactam

Thrombocytopenia, eosinophilia, leukopenia, and

transient elevation of transaminases
1000:500 mg

8–37

µg/mL
[210]

Cephalosporins
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Cephalexin

At high doses, coagulation disorders, platelet

function disorders, leukopenias, thrombocytopenias,

neutropenias, decreased hemoglobin and

hematocrit, hemolytic anemias. Nephrotoxicity

0.25 g/6 h
14

µg/mL

[211–214]

Cephradine 0.5–2g/6 h
12

µg/mL

Cefoxitin 1–2 g/6–8 h
20

µg/mL

Cefuroxime 0.5–1g/6–8 h
40

µg/mL

Ceftazidime 1–2 g/8–12 h
120

µg/mL

Moxalactam
500–200

mg/kg//6–12

hr

100

µg/mL

Carbapenems

Imipenem

In high doses, neurological toxicity, seizures rarely

occur. Hematological alterations, such as

leukopenia, eosinophilia, or thrombocytosis,

moderate and transient increases in transaminases,

alkaline phosphatase. Doripenem is toxic by

epidermal necrolysis and Steven-Johnson syndrome

1 g
69.9

mg/L

[215,216]

Meropenem 1 g
61.6

mg/L

Ertapenem 1 g
164.6

mg/L

Doripenem 500 mg 23 mg/L

Quinolones

Pipemidic
acid

In some cases, tendinitis or tendon rupture. Fatal

ventricular arrhythmias and neurotoxicity

infrequently. Some quinolones that cause problems

of phototoxicity (clinafloxacin), liver (trovafloxacin),

or cardiac (grapafloxacin) toxicity have been

withdrawn from the market

400 mg 4 mg/L

[217–222]
Ciprofloxacin 400 mg

1.6

mg/L

Ofloxacin 400 mg 4 mg/L

Levofloxacin 500 mg 5 mg/L

Oxazolidinone

Linezolid
Hematological toxicity, mitochondrial toxicity in blood

cells and nerve fibers of the skin, hypoglycemia,

lactic acidosis, and acute pancreatitis

1.5 mg/Kg
2.5

mg/L
[223–226]



Lipopeptide

Daptomycin

Muscle toxicity. Neurological disorders

(paraesthesia, dysesthesia) and eosinophilic

pneumonia, skin and subcutaneous tissue disorders,

hepatobiliary disorders, musculoskeletal, and

connective tissue disorders.

4 mg/kg/day
62.4

µg/mL
[227]

 

2.2. Antibiotic Quantification Methods

The quantification and monitoring of AB is based on the development of laboratory techniques, including high

performance liquid chromatography (HPLC), gas chromatography mass spectrometry (GC-MS), immunoassays, bacterial-

growth-inhibition-based assays, and biosensors. Chromatographic techniques, including HPLC, are the reference

techniques, robust, and with a high specificity. However, they require trained personnel, specialized laboratories with

necessary equipment, and reagents, as well as extensive and time consuming sample processing procedures. Therefore,

it is not possible get results in real time and also, due to the high cost, most hospitals in underdeveloped countries do not

have the resources to implementation. However, they have been widely used for the quantification of AB, including β-

lactams, macrolides, glycopeptides, daptomycin, and meropenem, due to their robustness and ability to quantify

molecules in different matrices . Herregodts and collaborators in 2019 reported a novel technique

consisting on a device able to determine piperacillin/tazobactam or meropenem concentrations in exhaled air in critically

non-ventilated patients. This device, called ExaBreath , retains the antibiotic molecules that are analyzed by mass

spectrometry after a purification process .

On the other hand, immunoassays are based on the selectivity and affinity of an antibody for the antigen. They are

cheaper techniques compared to chromatography but also require a laboratory, reagents, and trained laboratory

personnel . These techniques include enzyme-linked immunosorbent assays (ELISA), which are able to detect

gentamicin and vancomycin in samples containing proteins with ranges of 2–500 ng/mL for gentamicin and 20–5000

ng/mL for vancomycin . Fluoroquinolones, such as levofloxacin, have also been detected in urine using a fluorescence

polarization immunoassay assay ranging from 2.5 to 50 ng/mL based on garenoxacin labeled with 4-

aminomethylfluorescein and polyclonal antibodies (pAb) against levofloxacin  (Table 3). For an AB like colistin, pAb

have been used for quantification, mainly in food . In addition, tobramycin and kanamycin have been determined

with a lower limit of quantification of 0.30 mg/L, verified in human plasma . Due to the precision, selectivity, reliability,

and low cost based on this technique there are several commercial kits and reagents on the market that allow the

determination of some AB requiring TDM. Some examples of commercial kits include QMS  Tobramycin (TOBRA), QMS

Gentamicin (GENT), QMS  Vancomycin, Monoclonal Antibody Penicillin (mAb) (P2B9), and ARK™ Linezolid assays.

Table 2. Biosensors used in the measurement of antibiotics.

Type of
Biosensor

Antibiotic
Biosensor
Characteristics

Matrix
Limit/Detection

Range
Ref

Electrochemical Aminoglycosides RNA aptamers Blood 2-6 µM [241]

  Penicillin G
Gold NP, catalytic

hydrolysis
Buffer 4.5nM [242]

 
Chloramphenicol

and Kanamycin
Antibodies as bioreceptors Buffer

45 pg/mL and

6.31 pg/mL
[24]

  Amikacin
Copper oxide modified

carbon paste electrode
Buffer 1 µM [243]
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  Fluoroquinolones
Antibody modified magnetic

beads
Milk 0.009 µg/L [244]

  Tobramycin RNA aptamers Human serum 0.7 µM [245]

  Ciprofloxacin
Antibodies on a poly

(pyrrole-NHS) film
Buffer 10 pg/mL [246]

  Penicillin
Capture—SELEX (DNA

aptamers)
Milk 0.17 µg/L [247]

   
Magnetic graphene gold

NP
Milk 0.057 ng/mL [248]

  Tetracyclines
Carbon and oleic acid

electrode antibodies
Milk 3.8 fM [249]

  Ofloxacin
Automatic flow

potentiometric system

Urine and

serum
1 μM [250]

Optical

Tetracycline

Oxytetracycline

Doxycycline

Fiber optic biosensor.

Copolymer containing

anthracene

Commercial

samples and

urine

1 μM

2 μM

2 μM

[251]

 
Doxorubicin

Daunorubicin

Fluorescence-induced LED

fiber optic
Buffer

18 ng/mL

13 ng/mL
[23]

  Moxifloxacin
Hollow core photonic

crystal fiber optic

Aqueous

solution
682.43 ng/mL [252]

  Vancomycin

Molecular imprinted

polymer NP functionalized

fiber optic grids (LPFG—

MIP NPs)

Blood plasma 0.0032 ng/mL [22]

  Sulfadimidine

Portable and reusable

optofluidic-based biosensor

platform

Dairy products 0.05 ng/L [253]

  Tobramycin

Portable resonance

plasmon setup (T-LSPR)

coupled to DNA aptamers

Patient serum 3.4 µM [254]

  Amoxicillin

SPR. Polymeric film

(hydroxyethyl methacrylate-

N-methacryloyl-(L) -

glutamic acid)

Milk 0.0012 ng/mL [255]



  Erythromycin
Fiber optic SPR/ERY

printed nanostructure

Milk

Honey

47.41 ng/mL

28.48 ng/mL
[256]

SERS Sulfamethoxazole
Hydroxylamine stabilized

silver NP
Enriched urine 1.7 µg/mL [257]

  Ceftriaxone Gold NP Urine 0.7µM [258]

 

Ampicillin

Penicillin G

Carbenicillin

Penicilloic acid

Hydroxylamine and silver

NP

Deionized

water

27 ng/mL

29 ng/mL

30 ng/mL

28 ng/mL

[259]

  Tetracycline

Raman fingerprint strip

coated with anti-tetracycline

mAb

Water 0.04 ng/mL [260]

   
Macroporous silicon and

gold NP
Water 1 nM [261]

NP: Nanoparticles, NHS: N-Hydroxysuccinimid, LPFG-MIP: Long Period Fiber Grating- Molecular Imprinted; Polymer

 SPR: Surface Plasmon Resonance, ERY: Erythromycin, SERS: Surface-enhanced Raman spectroscopy  

 

In the case of bacterial-growth-inhibition-based assays, they can determinate the presence or absence of AB in patient or

food samples. These tests are performed by inoculating dilutions of the body fluid or food samples on a bacterial culture

sensitive to the administered drug . This technique is inexpensive, and the presence or absence of AB in a sample is

determined easily. However, it has low sensitivity and robustness, since it is limited by time and conditions of the culture

medium .

Finally, an innovative solution to this problem is the use of nanobiotechnology, specifically biosensors, for the

quantification of AB in samples of body fluids .

3. Nanobiosensors as Bioanalytic Applications in the Quantification of
Antibiotics

In recent years, biosensors have become an interdisciplinary tool of great help in clinical diagnostic processes and in

different industries, such as food and agriculture . They are characterized by high sensitivity, selectivity, and reliability

that ensure that the biosensor interacts exclusively with the compound of interest, minimizing background noise. In

addition, these devices have a long lifetime and are simple to handle, portable, and can be automated and miniaturized.

Regarding the sample, this method has a low cost of analysis, no complicated pre-treatment is required, and the analysis

time is short . These features make biosensors an attractive alternative for compound quantification.

According to International Union of Pure and Applied Chemistry (IUPAC) , a biosensor is defined as “a device that uses

specific biochemical reactions mediated by isolated enzymes, immunosystems, tissues, organelles or whole cells to

detect chemical compounds usually by electrical, thermal or optical signals” . In other words, biosensor means a

compact analytical device that incorporates a biological recognition element closely associated with or integrated into a

transducer that allows the processing of the signal generated by the interaction between the recognition element and the

ligand. . According to that, biosensors are classified in terms of the nature of the biological component and the

transduction system used .
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The biological components are classified as biocatalytic or affinity. Biocatalytic components use biocatalysts in isolated

enzymes or multi-enzyme systems, cell organelles, whole cells, or animal/plant tissues. The signal is based on the

measurement of the products generated by the catalyzed chemical reaction between the enzyme and the substrate .

Affinity bioreceptors are based on the interaction between the analyte and the recognition element, generating an analyte-

receptor complex, which is detected by labeling (enzymatic or fluorescent) or by monitoring the change of a physical–

chemical property of the transducer. The most commonly used biological components are antibodies, nucleic acids,

microorganisms, aptamers, and receptor proteins .

Regarding transduction system, it is the biosensor element that turns variations in physical or chemical properties

produced by the interaction between the analyte and the ligand into a signal that can be amplified, stored, and recorded.

There are different types of transducers, including electrochemical (amperometric, potentiometric and impedimetric),

optical (fiber optic, surface plasmon resonance (SPR), surface-enhanced Raman scattering and biosensors of total

internal reflection fluorescence (SERS), piezoelectric (microbalances of quartz crystals), and nanomechanical

(nanolevers) . Depending the nature of the sample and the analyte-ligand interaction, it is possible to choose the

appropriate device. Table 2 shows the biosensors types used in AB quantification.

3.1. Electrochemical Biosensors

Electrochemical biosensors measure the electrochemical change produced by the analyte–ligand interaction .

Depending the type of signal obtained, they are classified as potentiometric (electrical potential difference) ,

amperometric (current generated by reduction and oxidation of electroactive substances) , or impedimetric (changes

in conductance) . Electrochemical biosensors have been used for the quantification of aminoglycosides in blood

serum with ribonucleic acid (RNA) aptamers with a detection range of 2–6 µM.

Amperometric biosensors have been used for the quantification of some AB molecules, such as penicillin G, by using gold

nanoparticles (NP), with catalytic hydrolysis of AB with a low limit of detection (LOD) of 4.5 nM. In addition, detection of

chloramphenicol and kanamycin have been carried out with the use of antibodies as bioreceptors, with LODs of 45 µg/L

and 6.31 μg/L, respectively. This result is promising in contrast to LODs obtained by HPLC, where values of 38 mg/L have

been reported . The presence of amikacin in buffer solutions has also been determined using a carbon paste electrode

modified with nano-sized copper oxide, obtaining an LOD of 0.58 µg/mL , compared to the LOD obtained by HPLC of 2.34

µg/mL . Moreover, amperometric biosensors have been used in the food industry to quantify fluoroquinolones in milk,

by combining modified magnetic beads with broad recognition profile antibodies for fluoroquinolones, with a haptenized

enzyme and an electrode composed of magnetic graphite-epoxy (m-GEC). This was a highly reliable, fast, simple, and

cost-effective device, with an LOD of 0.009 µg/L.

Regarding impedimetric biosensors, tobramycin, an aminoglycoside with a narrow therapeutic range, and several side

effects, has been quantified in human serum using an RNA aptamer as a recognition element. The LOD obtained was 0.7

µM, concluding that detection of the antibiotic is limited by the dilution of the sample, in contrast with that reported by

Shou et al., where the LOD for tobramycin in tissue fluid using the HPLC-MS/MS was 0.75 mg/L .

Impedimetric devices have been reported to detect AB in buffer, as is the case of label-free detection of ciprofloxacin

based on the immobilization of anti-ciprofloxacin antibodies by chemical binding on a film of poly(pyrrole-NHS)

electrogenerated on a solid gold substrate, showing an LOD of 10 pg/mL, lower than the obtained by HPLC in body fluids

(0.05 μg/mL) . Impedimetric biosensors have been used to quantify AB in different matrices, such as milk. An example

of this is the detection of penicillin using a technology called Capture-SELEX (Systematic Evolution of Ligands by

Exponential Enrichment). This technique is based on selection of deoxyribonucleic acid (DNA) aptamers using penicillin in

solution, while a single stranded DNA (ssDNA) library is fixed on a support, providing an LOD of 0.17 µg/L. Penicillin has

also been quantified with a magnetic graphene nanoparticle (NP) nanocomposite (GR-Fe O NP) and a gold (PEDOT-

AuNP) poly(3,4-ethylenedioxythiophene) NP compound, with an LOD of 0.057 ng/mL. In addition, tetracyclines in milk

have been quantified through the use of antibodies by testing an electrode based on oleic acid and modified carbon paste,

which allowed a minimum LOD of 3.8 fM, showing high selectivity between different types of tetracycline.

Potentiometric biosensors have been used for the quantification of ofloxacin in urine and serum with an LOD of 10 μM.

Further research determined that there is no significant interference from the excipients found in commercial formulations,

nor in the different ions present in body fluids, allowing quantification without markers or interfering potentials. As the

above devices, potentiometric biosensors have been used in the detection of penicillin in foods, such as milk, with an LOD

of 3 mM  or in the detection of sulfamethoxazole for environmental control .
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3.2. Optical Biosensors

Optical biosensors are devices that detect changes in the properties of light, such as refractive index, absorption,

fluorescence, or light scattering, as a result of the interaction between the analyte and the receptor . These devices

are grouped into two categories: bio-optrods and evanescent field-based sensors. The former are based on the interaction

between the analyte and a reagent immobilized at the end of a fiber, producing a quantifiable change in the optical

properties of the transducer, optically monitored by dyes, fluorescent, and biochemiluminescent molecules. Within these

biosensors are fiber optic devices . The evanescent field biosensors are based on the guidance of electromagnetic

waves, transmitting light through internal reflections under conditions of total reflection, creating an evanescent field

capable of penetrating certain distance from the surface of the waveguide modified with the receiver . Within this type

are included SPR devices, SERS devices, total internal reflection fluorescence (TIRF) biosensors, optical waveguide

interferometric biosensors, ellipsometric biosensors, and spectroscopy biosensors employing reflectometric interference.

Fiber optic biosensors consist in a fiber where the recognition element is immobilized at the end. As a consequence of the

interaction between the analyte and the recognition element, a change is generated in the marker, which spreads through

the fiber to the detector. This type of biosensor has been used in the quantification of tetracycline, oxytetracycline, and

doxycycline with an anthracene-containing copolymer prepared from 9-anthrylmethyl methacrylate, methyl methacrylate,

and n-butyl acrylate (PAMB). Detection is based on quenching of the fluorescence of the fiber due to the presence of the

antibiotic in commercial and urine samples. The LODs are 0.1 μM for tetracycline and 2 μM for oxytetracycline and

doxycycline.

This type of biosensor has also been reported for the quantification of antibiotic molecules in different matrices, such as

foods or buffers, as in the case of doxorubicin and daunorubicin buffer solutions using LED fiber optics induced

fluorescence, with LODs of 18 ng/mL and 13 ng/mL, respectively. This method has also been used for the detection of

moxifloxacin by hollow core photonic crystal fibers (HCPCF), with an LOD of 682.43 ng/mL in aqueous solution. Korposh

et al. have quantified vancomycin in porcine blood plasma enriched by means of long-term fiber optic grids functionalized

with molecularly imprinted polymer NP (LPFG-MIP NPs), obtaining a very low LOD of 0.0032 ng/mL. This fiber optic

sensor is capable of detecting target AB at low concentrations (∼700 μM), even with traces of amoxicillin, bleomycin, and

gentamicin in the medium. In food sector, they have been very useful in detecting AB, such as sulfadimidine in dairy

products, with an LOD of 0.05 ng/mL, using a portable and reusable optofluidic-based biosensing platform. This method

has high sensitivity, portability, and acceptable reproducibility for the detection of sulfadimidine in real time in milk and

other dairy products.

Surface resonance plasmon optical biosensors (SPRs) are based on an optical phenomenon generated when a polarized

light beam is directed to a lower refractive index layer (metallic layer of gold or silver) between the prism and the sample.

This light generates the excitation of a surface plasmon for a certain angle of incidence of said light, known as the

resonance angle. The binding of the analytes with their recognition element induces a change in the refractive index and

as a consequence the displacement of the resonance angle . This type of biosensor has been used in different

applications, such as in the clinic where tobramycin has been detected in patient serum based on a portable, palm-sized

localized surface transmission plasmon resonance (T-LSPR) configuration. This device consist in standard components

coupled with tobramycin-specific DNA aptamers, reaching a theoretical LOD of 3.4 μM, making it a portable, sensitive,

and economical real-time measurement device. Neomycin has been quantified by SPR using modified aptamers of

ribonucleic acid (RNA), demonstrating that these aptamers can be modified to be resistant to enzymes, such as

endonucleases, without variations in their analytical characteristics ].

In addition to determination of AB in plasma samples, a large number of applications of SPR in the quantification of AB in

food can be found in the literature. Faalnouri et al. have quantified amoxicillin in milk samples comparing a polymeric film

(methacrylate hydroxyethyl-N-methacryloyl-(L)-glutamic acid) with similar polymer enclosing NP, finding LODs of 0.0012

ng/mL and 0.0009 ng/mL, respectively, according to the film, being a very sensitive technique for the detection of AB in

milk. Likewise, thiamphenicol, florfenicol, florfenicol amine, and chloramphenicol residues have been determined

simultaneously in shrimp, using SPR with LODs of 0.1, 0.2, 250, and 0.5 ppb, respectively. These results show greater

sensitivity with those obtained by an ELISA immunoassay . The quantification of tetracycline hydrochloride and

oxytetracycline hydrochloride in buffer solutions using a molecular printed polymer (MIP) has been reported based on

various binding sites/nanocavities having the complementary form of the functional groups of the target molecules on its

surface. This method raised LODs of 4.23 ng/mL for tetracycline and 4.05 ng/mL for oxytetracycline . Likewise, traces

of erythromycin in milk and honey have been quantified with LODs of 47.41ng/mL and 28.48ng/mL, respectively.
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Sulfamethoxazole, an AB widely used for the treatment of infections and diseases in animals, such as chickens and cattle,

has been quantified in the veterinary field. Detection was based on the SPR technique and functionalized carbon

nanotubes (CNT), with an LOD of 225.98 ng/mL, lower than the corresponding to other techniques, such as Enzyme-

linked Immunosorbent Assay ELISA . In addition, neomycin has been quantified by molecular coupling with bovine

serum albumin (BSA), demonstrating a strong interaction between the AB and protein at different concentrations (1–128

µM) using low density carboxymethyl dextran (CMD) modified gold surface chips . Using the same method, other

types of antibiotic molecules have been quantified, such as rifampicin, by immobilizing BSA on a carboxymethyl dextran

hydrogel chip . This is an alternative to the quantification of AB using SPR optical biosensors.

3.3. Surface-Enhanced Raman Scattering (SERS)

This type of biosensor is based on the intensity amplification of the Raman phenomenon by using metallic NP or metallic

structures. When two particles get in contact and one of them has a rougher material on the surface, the electromagnetic

field is dramatically amplified, resulting in a large amplification in Raman scattering. There are few papers in the literature

on the use of these devices in the clinic. One of them was carried out by Markina et al., where SERS was combined with

liquid-liquid extraction in sulfamethoxazole-enriched urine, using silver NP stabilized with hydroxylamine as the SERS

substrate, providing an LOD of 1.7 µg/mL. This would be quite useful to clinical staff, because this type of antibiotic is

highly toxic when mixed with trimethoprim. Furthermore, urine ceftriaxone has been quantified with the use of gold NP,

with an LOD of 0.7 µM in a sample volume of 1 mL. Moreover, Liu and collaborators quantified levofloxacin in mouse

blood using a gold nanoparticle-coated fiber optic nanoprobe and SERS to measure levofloxacin lactate, representing a

great opportunity to measure this type of AB in blood .

However, these types of devices have been used mostly in the food and environmental fields. For example,

chloramphenicol has been detected in dairy products and honey by means of a polymer surface with a molecular

impression, giving results in 15 min . In addition, this technique has been used for the detection of ampicillin, penicillin

G, carbenicillin, and penicilloic acid in deionized water by the use of hydroxylamine silver nanoparticles, with detection

limits of 27, 29, 30, and 28 ng/mL, respectively. This is a promising methodology for the detection of different antibiotic

molecules, including the penicillins, opening a new window to AB quantification . Another application is the quantification

of tetracycline in water samples using a Raman fingerprint strip sensor, coated with an anti-tetracycline mAb, obtaining an

LOD of 0.04 ng/mL . The use of gold nanoparticles and macroporous silicon provided high performance regarding the

detection of the antibiotic with an LOD of 1 nM, compared to traditional techniques at pH between 5 and 6 .

This type of biosensor has also allowed the detection of quinolone residues in drinking water using silver NP and titanium

dioxide (Ag-TiO2), with high detectability of difloxacin hydrochloride, ciprofloxacin, enrofloxacin, danofloxacin, and

enoxacin, with LODs of 4.36, 70.8, 39.4, 31.6, and 315 pM, respectively. These concentrations are below the European

Union (EU) maximum residue limit (3.01 × 10  mol/L) .

3.4. Piezoelectric (Quartz Crystal Microbalance)

Piezoelectric systems measure direct mass changes induced by the formation of the antigen–antibody complex (Ag-Ac).

These devices consist on an oscillating crystal that resonates at a certain frequency when the interaction between the

recognition element and the analyte takes place .

Most of these types of biosensors have been applied for the detection of AB in other fields different to clinic, such as food.

Penicillin G and ampicillin have been detected in buffer using molecular printed nanoparticulate polymers (NMIP) as

recognition element. LOD values of 0.04 µg/mL were found for penicillin G and 0.09 μg/mL for ampicillin . Piezoelectric

sensors have also been developed for the detection of β-lactams (penicillin G and cefotaxime) with LODs of 3.0 and 7.6

ng/mL, respectively, in meat and milk . Furthermore, tetracycline molecules have been quantified by a molecularly

imprinted polymer (MIP) with an LOD of 3 × 10  µg/mL .

3.5. Nanomechanical Biosensors

En este tipo de biosensor, el elemento de reconocimiento biológico se inmoviliza sobre la superficie de una micropalanca,

generalmente de silicio, que se sumerge en una muestra líquida. La interacción entre el analito y el ligando induce un

cambio diferencial en la tensión superficial del líquido, lo que genera un cambio en la deflexión y / o en la frecuencia de

resonancia . Los biosensores nanomecánicos se han utilizado en diferentes áreas, principalmente en la identificación de

patógenos en muestras humanas  y para la identificación de proteínas, como las topoisomerasas o las proteínas

marcadoras del cáncer . Sin embargo, no existe evidencia de que este tipo de dispositivo se haya

aplicado a la detección o cuantificación de antibióticos en muestras de fluidos corporales.
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